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 The Caenorhabditis elegans somatic gonad is patterned by the activity of regulatory cell 
types, which govern its morphology, serve as the germline niche, and pattern its connection to the 
outside. All regulatory cell types are specified by activity of the basic helix-loop-helix gene hlh-
2/E/Daughterless, and differences in how functions are assigned between the regulatory cells in 
males and hermaphrodites lead directly to their sexually-dimorphic gonads. Here, I present 
evidence that a code of bHLH genes function together with hlh-2 to promote the specification and 
function of each regulatory cell type except for the hermaphrodite anchor cell, which is specified 
by HLH-2 activity alone. Each regulatory cell type expresses an overlapping but distinct set of 
bHLH genes, which we find are required for its specification and associated functions. Notably, 
ectopic expression of regulatory cell bHLH complements are sufficient to transform cells with 
anchor cell potential into the expected regulatory cell, albeit transiently, suggesting that they are 
master regulators of regulatory cell fate.  
As all nematode species pattern their gonads through cognate regulatory cells and bHLH 
genes are highly conserved, we hypothesized that a similar bHLH code might function in 
specifying the regulatory cells of other species. In some nematode species the anchor cell, which 
remains stationary in C. elegans, is able to migrate. In C. elegans, the bHLH gene hlh-12 is 
necessary for proper migration of hermaphrodite distal tip cells and male linker cell, the two 
migrating regulatory cell types; addition of hlh-12 to the C. elegans anchor cell causes it to become 
displaced in a manner dependent on the endogenous hermaphrodite distal tip cell and male linker 
 
 
cell machinery, suggesting that the anchor cell gains the ability to migrate with the addition of hlh-
12. We thus hypothesized that ectopic expression of an hlh-12 ortholog in these species might have 
led them to evolve migrating anchor cells. However, phylogenetic analysis of the bHLH genes of 
several other species, including the ones with migratory anchor cells, suggests that hlh-12 may be 
novel to the Caenorhabditis genus and does not have orthologs in the species with migrating 
anchor cells, raising the possibility that either these species use another bHLH gene for migration 
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Chapter 1: Introduction 
 
Introduction 
In every animal, cells must specify their proper fates in order to execute necessary functions 
for development. In this thesis, I used the model system Caenorhabditis elegans to study cell fate 
determination because of its almost-invariant lineage of cell divisions and fates, amenability to 
genetic manipulations, and the ability to view developmental events in vivo. In particular, I have 
addressed how specific bHLH transcription factor complements contribute to the fates and 
functions of crucial cells that regulate C. elegans gonad development, and the consequences of 
altering their bHLH complements on their fates. In addition, I searched for orthologs of the key C. 
elegans bHLH transcription factors in other species to determine if they might play similar roles 
in gonad patterning. 
 
1. C. elegans gonadogenesis   
 The adult gonad is one of the largest organs in both the male and the hermaphrodite worm. 
It contains the germline, which is encapsulated by the somatic gonad. The somatic gonad 
stimulates the dividing germline starting in the earliest developmental (L1) stage, providing a 
constant supply of gametes through adulthood (Kimble & Hirsh, 1979). In addition, the somatic 
gonad forms the structures necessary for exit of the gametes or embryo: the uterus and uterine-
vulval connection in the hermaphrodite, and the cloaca in the male (Kimble & Hirsh, 1979; Sulston 
& Horvitz, 1977). At hatching, males and hermaphrodites have gonads containing just four cells, 
named Z1-Z4; of these, Z2 and Z3 will give rise to the germline, while the entire somatic gonad 
will come from Z1 and Z4 (Figure 1.1A, Kimble & Hirsh, 1979).  
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1.1 Hermaphrodite/female somatic gonad development and female regulatory cells (see Figure 
1.1) 
 C. elegans has two sexes, the male and the hermaphrodite. However, hermaphrodites are 
hermaphroditic only because they transiently make sperm; their somatic structures resemble those 
of female nematodes from other species, and thus they are considered somatic females (reviewed 
in Zarkower, 2006).  
 The adult hermaphrodite has a bilaterally-symmetric, U-shaped gonad, with reflexed arms 
extending anterior and posterior and a vulva located at the midbody (Figure 1.1D). It develops 
from the two gonad precursor cells Z1 and Z4, which divide to form twelve cells by the late L1 
stage (Figure 1.1A, B). By mid L2, three of the cells have specified into female regulatory cell 
types: two hermaphrodite distal tip cells (hDTCs), and a single anchor cell (AC, Figure 1.1C). I 
will refer to the stage at which the regulatory cells have just specified as the somatic gonad 
primordium stage for the rest of this work. The two hDTCs will go on to lead extension of the two 
gonad arms and serve as the germline niche, while the AC remains fixed at the midbody where it 
is born and patterns the vulva and the ventral uterus (Kimble & Hirsh, 1979; Sternberg, 2005; 
Newman et al., 1995).  
 
1.2 Male somatic gonad development and male regulatory cells (see Figure 1.1) 
 Like the hermaphrodite gonad, the male somatic gonad develops from Z1 and Z4. 
However, in the male these two gonad precursor cells divide to form only 10 cells by the somatic 
gonad primordium stage, compared to the 12-cell hermaphrodite somatic gonad primordium 
(Figure 1.1B). The difference lies in the distal daughters of Z1 and Z4: in the hermaphrodite, these 
divide once more to form the hDTCs and their sisters, whereas in the male the distal daughters 
3 
 
specify directly as male distal tip cells (mDTCs, Figure 1.1B). In addition, there is a global 
rearrangement of cells in the male gonad, starting at the four-cell stage when the anterior Z1-
derived mDTC migrates to the posterior to join the Z4-derived mDTC (Kimble & Hirsh, 1979). 
This results in two neighboring mDTCs at the distal end of the gonad, where they remain fixed 
and serve as the germline niche. Extension of the single male gonad arm is led by the linker cell 
(LC), which specifies at the proximal end and migrates to form the J-shaped gonad terminating at 
the cloaca at the tail in the adult (Figure 1.1D).  
 
1.3 Specification of the AC: the AC/VU decision (see Figure 1.2) 
 The AC and LC are unique in their respective gonads because they specify using lateral 
signaling facilitated by LIN-12/Notch. In both animals, two neighboring proximal cells will 
resolve a decision where one becomes an AC and the other a ventral uterine cell (VU) in the 
hermaphrodite, and one becomes an LC and the other a vas deferens cell (VD) in the male (Kimble 
& Hirsh, 1979). Of the two events, the most work has been done on AC specification. The AC 
specification event happens between two cells named Z1.ppp and Z4.aaa, one of which will always 
specify as an AC and the other of which will always specify as a VU. Both cells are born expressing 
both LIN-12/Notch and its ligand LAG-2/Delta; over time, as the decision resolves, one cell will 
express only LIN-12 and the other only LAG-2. The LAG-2-expressing cell will become the AC, 
and the LIN-12-expressing cell the VU (Figure 1.2A, Greenwald et al., 1983; Lambie & Kimble, 
1991). 
The basic helix-loop-helix (bHLH) transcription factor hlh-2/E2A/Daughterless is required 
at several stages for AC competence and specification. Initially, all four daughters of Z1.pp and 
Z4.aa are born with the ability to become the AC; the distal cells, termed the β cells, will always 
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become VUs in wild-type conditions, while the proximal cells or α cells undergo the AC/VU 
decision (Kimble & Hirsh, 1979; Seydoux & Greenwald, 1999). Xantha Karp, a previous member 
of the Greenwald lab, found that RNA interference (RNAi) against hlh-2 at different stages leads 
to diffeent AC defects: if done early in L1, worms specify 0 ACs, while if RNAi is done in late L1 
they specify 2 ACs (Figure 1.2A, Karp & Greenwald, 2004). This suggests that HLH-2 acts first 
as a “pro-AC” factor that gives the competence for AC fate, and later plays a more direct role in 
the specification event through direct transcriptional regulation of lag-2 (Karp & Greenwald, 
2003). 
Initially, which cell became the AC and which became the VU was thought to be a purely 
stochastic event, as in wild-type conditions the AC forms from Z1.ppp 50% of the time and from 
Z4.aaa 50% of the time (Kimble & Hirsh, 1979). However, Xantha Karp found a bias in which 
cell was fated to become the AC. As the two cells involved in the decision are not sister cells, they 
are born at different times; Xantha found that the cell born first was biased towards becoming the 
VU (Karp & Greenwald, 2003). Recently, more work done in the Greenwald lab has uncovered a 
potential mechanism for the apparent birth order bias (Attner et al., 2019). In this model, there are 
two initial differences between the cells involved in the decision: the timing of their birth, which 
can range from under ten minutes to over two hours apart, and expression of HLH-2 in the parent 
cells (Figure 2.2B). HLH-2 is expressed in both parent cells, but comes on first in the parent of the 
VU; after HLH-2 expression onset, HLH-2 then activates LIN-12 and LAG-2 expression, which 
continues in both daughter cells initially after they divide. Due to the difference in HLH-2 
expression timing, one daughter cell is likely born with an “edge” in LIN-12-activated signaling 
granted by lin-12 transcript, HLH-2 protein, or some chromatin pioneer factors. LIN-12 on this 
first-born cell can be activated by LAG-2 ligand on either the second-born cell or its parent to 
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amplify these initial differences, starting the feedback mechanism in which LIN-12 signaling 
activity autoregulates its own expression but turns off hlh-2 expression and thus lag-2 
transcription. Thus, the cell descended from the lineage with earlier HLH-2 expression is biased 
strongly towards adopting the VU fate. As HLH-2 expression invariably begins approximately two 
hours after the parent cell is born and does not seem to be affected by cell cycle length, it ties also 
into the birth-order bias: in animals where Z1.ppp and Z4.aaa are born greater than 24 minutes 
apart, the increased difference in HLH-2 timing onset between the parents leads to a buildup of 
more LIN-12 activity in the first-born daughter, and thus the fist-born daughter invariably becomes 
the VU. However, in animals where the two cells are born fewer than 24 minutes apart, the decision 
is predicted not by birth order but by which parent cell first expressed HLH-2 (Attner et al., 2019).  
 
1.4 hlh-2 is required for the specification of the LC and hDTCs 
 As mentioned above, the bHLH gene hlh-2/E2A/Daughterless is necessary for AC 
competence and specification. hlh-2 is also necessary for the proper specification of the hDTCs 
and LC. Xantha Karp found that hDTCs did not extend in animals with hlh-2 RNAi treatment 
beginning in early L1, suggesting that hlh-2 is required for their specification and/or migration 
(Karp & Greenwald, 2004).  Chesney et al. (2009) performed hlh-2 RNAi on a hypomorphic hlh-
2 allele to further explore hlh-2’s role in regulatory cell specification. They confirmed that hlh-
2(lf) + RNAi animals had hDTCs that did not migrate or express the fate marker lag-2, and found 
in addition that hlh-2(lf) + RNAi animals had LCs which again did not migrate or express lag-2. 
Although they did not find a requirement for hlh-2 in mDTC specification, they did find that the 
mitotic germline region in males was smaller in hlh-2(lf) + RNAi animals, suggesting that hlh-2 
plays at least a functional role in the mDTCs. Together, their results when combined with Xantha’s 
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RNAi studies suggests that hlh-2 is required for specification or function in all regulatory cell 
types.  
 
2. Functions of the somatic gonad regulatory cells 
For a list of markers used for each cell fate and function, see Table 1 
2.1 Patterning of the vulva and cloaca connections (see Figure 1.3) 
 Patterning of the connection that allows gametes to exit the gonad is done by the proximal 
regulatory cell types in each sex. In the hermaphrodite, the AC is responsible for patterning the 
developing vulva and ventral uterus, and also facilitates the connection between the two. First, the 
AC directly induces the fate of the hypodermal vulval precursor cells (VPCs) by sending an EGF 
signal which is received by P6.p, the closest adjacent VPC (Figure 1.3A, Sternberg, 2005). The C. 
elegans EGF ortholog is lin-3, which is a direct hlh-2 target (Sallee & Greenwald, 2015). This 
EGF signal leads to a signaling cascade that results in P6.p adopting the primary fate and using 
LIN-12/Notch signaling to specify its two neighbors, P5.p and P7.p, as secondary fate. 
Descendants of the cells with primary and secondary fate will later form the vulva. The remaining 
VPCs, P3.p (not shown in Figure 1.3A), P4.p, and P8.p, adopt a tertiary fate in the absence of EGF 
or Notch signaling, and their daughters later fuse with the hypodermis (reviewed in Sternberg, 
2005). In the absence of an AC, P6.p does not specify as primary and does not induce its neighbors 
to specify as secondary, meaning that all cells adopt tertiary fate in the absence of signaling and 
fuse with the hypodermis, leading to a complete absence of the vulva (reviewed in Sternberg, 
2005).  
 Beginning in L3, the AC will dissolve the basement membrane that separates it from the 
VPC descendants, and send down invadopodia to directly contact the vulval cells (Figure 1.3B). 
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This process is required to induce their invagination, and later to initiate a proper connection 
between the uterus and the vulva (Hagedorn & Sherwood, 2011; Newman & Sternberg, 1996; 
Sherwood & Sternberg, 2003). AC invasion is facilitated by the transcription factor fos-1, which 
is required for proper invasion and controls expression of a number of effector genes required for 
dissolving the basement membrane and inducing later fusion of the AC (Sapir et al., 2007; 
Sherwood et al., 2005). As with induction, hlh-2 regulates key genes required for invasion, 
including fos-1 and the direct invasion effector cdh-3 (Medwig-Kinney et al., 2020; Schindler & 
Sherwood, 2011). 
 The AC is also responsible for patterning the developing ventral uterus, and facilitating the 
connection between the uterus and the vulva. In L3, the three VU cells will divide to form a total 
of 32 nuclei in the fully-formed ventral uterus. The VU granddaughters will specify as either π or 
ρ cells, which have different morphologies and produce different numbers of descendants (Kimble 
& Hirsh, 1979; Newman et al., 1995). π vs. ρ cell fate is also determined by LIN-12-mediated 
lateral signaling events coordinated by the AC: both eventual cell types express LIN-12, but π-
fated cells, located next to the LAG-2-expressing AC, receive the ligand signal and the more 
distant ρ-fated cells do not (Figure 1.3C, Newman et al., 1995). As hlh-2 directly controls lag-2 
expression in the AC (Karp & Greenwald, 2003), it is required for proper ventral uterine patterning 
via this specification event. 
Later in L4, eight of the π cell descendants fuse to form the syncytial uterine seam cell 
(utse), which sits around and above the developing vulva and holds the uterus in place by 
connecting to the hypodermis (Gupta, Hanna-Rose, & Sternberg, 2012; Newman & Sternberg, 
1996; Sternberg, 2005). At this stage, the AC sits directly above the developing vulval pore, 
blocking connection between the vulva and the uterus. The AC will eventually fuse with the utse 
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by late L4 in a process regulated again by hlh-2, leaving only a thin layer of cytoplasm separating 
the uterus and the vulva (Figure 1.3D, Sapir et al., 2007; reviewed in Gupta et al., 2012). This 
fragment of cytoplasm will break when the first embryo is laid, resulting in a fully functioning 
vulva.  
Like the AC, the LC facilitates the connection of the developing gonad to the opening, 
which is the cloaca in males. Unlike the AC, however, the LC does not induce cell fate or regulate 
patterning of the developing cloaca. Instead, the cloaca develops in the tail while the LC is still 
leading gonad migration; once the LC reaches the forming cloaca in L4 it undergoes cell death and 
is engulfed by the neighboring epithelial cells (Sulston & Horvitz, 1977). This is a fairly unique 
event in C. elegans, as LC death does not require any part of the core apoptotic pathway or even 
the presence of the engulfing epithelial cells (Abraham, Lu, & Shaham, 2007; reviewed in Malin 
& Shaham, 2015). Instead, cues from the Wnt and heterochronic pathways promote LC death, 
which is dependent on activity of the transcription factor hsf-1. Interestingly, hsf-1 ordinarily 
protects against cell death caused by heat or other stressors; in the case of the LC, it instead appears 
to coordinate cell death by promoting expression of LET-70/E2 ligase and recruiting the 
proteasome (Kinet et al., 2016). The engulfment of the LC corpse by its neighboring cells is also 
atypical and does not require the usual genes involved in apoptotic cell clearance (Kutscher, Keil, 
& Shaham, 2018). Engulfment of the cell corpse by the neighboring epithelial cells facilitates 
fusion between the gonad and the cloaca, allowing for proper sperm exit (Abraham et al., 2007; 




2.2 Migration of the hDTCs and LC (see Figure 1.4) 
The gonad shape is determined by activity of the migrating cell types, which differ between 
the sexes: in hermaphrodites it is the two hDTCs and in males it is the single LC, which leads 
directly to the different gonad morphologies of the two sexes. I will refer to the hDTCs and LC 
jointly as the leading regulatory cell types. Throughout the migration process, both the leading 
regulatory cell types must coordinate inputs for proper initiation, turning, pathfinding, and 
cessation to govern overall gonad shape. While the two cell types do have the same basic function, 
they have very different lineal origins and positional identities, and slightly different migration 
paths (Figure 1.4). Both lead outgrowth beginning in early L2, shortly after their respective 
specification events in late L1. In hermaphrodites, the two hDTCs extend in opposite directions on 
the A/P axis along the ventral side of the animal, before turning first dorsally and then proximally 
by the end of L3 and terminating just dorsal to the vulva in L4 (Figure 1.4A). In males, the LC 
extends first anterior, and makes a dorsal and posterior turn by the end of L2; it extends along the 
top of the distal end of the gonad throughout L3, before turning ventral and posterior once more 
and migrating along the ventral side of the animal to join with the cloaca at the tail in L4 (Figure 
1.4B). It is interesting to note that the LC starts turning a full larval stage before the hDTCs, 
completing a dorsal and posterior turn by the end of L2 while the hDTCs complete their dorsal and 
proximal turns by the end of L3 (reviewed in Sherwood & Plastino, 2018; Wong & Schwarzbauer, 
2012).  
Proper gonad arm extension requires both correct pathfinding and the ability of the 
regulatory cell to physically migrate. In the hermaphrodite, the bHLH transcription factor hlh-12 
is required for the migration of the hDTCs: it is expressed in the hDTCs shortly after their 
specification, and directly activates targets that help with physical migration (Blelloch & Kimble, 
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1999; Meighan & Schwarzbauer, 2007; Tamai & Nishiwaki, 2007a). For example, expression of 
the ADAMTS metalloprotease gon-1 helps to dissolve the extracellular matrix, enabling passage 
of the hDTC. HLH-12 also activates expression of the α-integrin ina-1, which is thought to hook 
into the basement membrane and help pull the migrating cell forward along the ventral and dorsal 
surfaces (Meighan & Schwarzbauer, 2007; reviewed in Wong & Schwarzbauer, 2012). 
Pathfinding requires a number of different genes at each step in hDTC migration, many of which 
are also associated with the basement membrane. For example, the ADAM protease mig-17 is 
predicted to modify collagens to ensure proper direction, while the α-integrin pat-2 is required for 
proper pathfinding along the dorsal body wall (Meighan & Schwarzbauer, 2007; Sherwood & 
Plastino, 2018). In addition, diffusible cues also help orient the migrating hDTC: the netrin unc-5 
is required for the dorsal turn, and Wnt pathway members are required for proper A/P migration 
(Cabello et al., 2010; Hedgecock et al., 1990; Sherwood & Plastino, 2018).  
LC and hDTC migration share many similarities. LC migration is also enabled by hlh-12, 
which acts again through both gon-1 and ina-1 (Blelloch & Kimble, 1999; Meighan & 
Schwarzbauer, 2007; Tamai & Nishiwaki, 2007a). In addition, it shares pathfinding genes with the 
hDTCs. Notably, the netrin unc-5 is required for proper turning in both sexes, but it regulates the 
entire dorsal-posterior turn that the LC makes in late L2, while in hermaphrodites it regulates only 
the dorsal hDTC turns in L3 (Kato & Sternberg, 2009a; Su et al., 2000). This difference in the 
roles that the same pathfinding genes play in hermaphrodite and male gonads is a reoccurring 
theme. daf-12, a nuclear hormone receptor that governs dauer diapause, fat metabolism, and 
lifespan, also regulates pathfinding in both males and hermaphrodites: various mutant alleles show 
defects in pathfinding beginning in the L3 and L4 migration stages (Antebi et al., 1998; Motola et 
al., 2006). Interestingly, hermaphrodites with a hypomorphic daf-12 allele containing a predicted 
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deletion of the ligand-binding domain fail to make the dorsal and proximal turns ~92% of the time, 
while ~85% of males with this allele make the dorsal and posterior turn properly (Antebi et al., 
1998). These same animals also showed ~85% loss of the later ventral and posterior turns in the 
male, underscoring the differences in timing between the migrations of these two different cell 
types. 
As discussed above, the LC employs many of the same mechanisms for the physical act of 
cell migration as the hDTC, as it too expresses hlh-12, gon-1, and ina-1 (Blelloch & Kimble, 1999; 
Meighan & Schwarzbauer, 2007; Tamai & Nishiwaki, 2007a). However, the genetic control of its 
migration appears more complicated than that of the hDTC. Kato et al (2010) propose a model in 
which aspects of the LC’s basal migration and pathfinding programs are modified by stage-specific 
regulators, transcription factors which control the programs required for turning in L2 and LC 
morphogenesis and increased migration speed in L4. One of these stage-specific regulators is nhr-
67/tailless, which they find regulates migration from early L3 to mid L4 and is necessary for 
downregulating unc-5 expression (Kato & Sternberg, 2009a). Interestingly, nhr-67 is not 
expressed in the hDTCs, but it is expressed in the non-migrating AC where it helps regulate 
multiple stages of uterine development (Verghese et al., 2011). This shared expression of nhr-67 
in the non-migrating AC and migrating LC could be due to their similar lineal origins or proximal 
identity, further demonstrating the importance of these factors in understanding regulatory cell 
specification and function. 
 
2.3 The hDTC and mDTC germline niche function (see Figure 1.5) 
The gonad of each sex contains two distal tip cells: the hDTCs in the hermaphrodite, and 
the mDTCs in the male. Both cell types are specified by late L1, and serve as the germline niche 
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(Figure 1.5, Kimble & Hirsh, 1979). The C. elegans germline originates from the primordial germ 
cells Z2 and Z3, which generate the germline stem cells (GSCs) that remain at the distal end(s) of 
the gonad, adjacent to the DTCs. The GSCs express GLP-1/Notch, which is activated by a number 
of DSL ligands expressed by the distal tip cells to promote GSC mitosis (Austin & Kimble, 1987). 
Thus, the distal tip cells of both sexes act as the germline niche by enabling mitosis of the stem 
cell progenitor pool, providing a constant supply of germline throughout the worm’s life cycle.  
 The hDTCs  have a striking morphology, with long projections that can extend for a 
distance of ten GSC diameters or more (Hall et al., 1999); as daughters of the dividing cells are 
pushed out of the reach of the distal tip cell projections, they lose contact with the ligands and 
enter meiosis (Figure 1.5A, reviewed in Byrd & Kimble, 2009).  In C. elegans, there are 10 
predicted DSL ligands: lag-2, apx-1, arg-1, and dsl-1-7 (N. Chen & Greenwald, 2004). The hDTCs 
express both lag-2 and apx-1, which are functionally redundant for germline stimulation (Byrd & 
Kimble, 2009; Nadarajan et al., 2009). 
Unlike the hDTCs, the mDTCs in the adult do not have projections, though the Greenwald 
lab has found that the WT mDTCs do display projections towards the germline during larval 
development (Figure 1.5B, data not shown; Crittenden et al., 2019; Sallee et al., 2017). There are 
also sexual dimorphisms in the ligands expressed, as the mDTCs do not express lag-2 but do 
express arg-1, which is not expressed in the hDTCs (Salle et al., 2017). However, apx-1 is 
expressed in both DTC types. In addition, the presence of both mDTCs at the distal end of the 
gonad may cause some other differences in niche architecture between the sexes: the male niche 
has a bulge at the very distal end that the hermaphrodite niche lacks, and the asymmetric 
positioning of the mDTC cell bodies means that a significant portion of GSCs have no direct 
contact with the niche (Figure 1.5; Crittenden et al., 2019). 
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3. bHLH transcription factors 
3.1 Overview and classification systems 
 Basic helix-loop-helix (bHLH) transcription factors are a large, conserved family of 
transcription factors found in organisms ranging from yeasts to humans. They play crucial roles in 
a number of developmental processes, including neurogenesis, myogenesis, hematopoiesis, sex 
determination, and more (Massari & Murre, 2000). In humans, dysregulation in their function is 
linked to cancers such as leukemias and lymphomas, especially T-cell lymphomas (Bain et al., 
1997). In model organisms like Drosophila and C. elegans, bHLH factors are known for their 
important role in promoting lineage commitment and cell fate specification (Massari & Murre, 
2000).  
 bHLH proteins are defined by the presence of two adjacent domains: the basic region, 
which is required for DNA binding, and the helix-loop-helix domain, which is required for 
dimerization (Figure 1.6A, Ferré-D’Amaré et al., 1993; Massari & Murre, 2000). All bHLH 
proteins are obligate dimers, and must interact through their helix-loop-helix domains in order for 
their basic domains to contact E boxes on the DNA and promote transcription (Figure 1.6B). All 
E boxes have the structure CANNTG, with the basic domain of each monomer binding to half of 
the sequence in an interaction further stabilized by specific residues in the loop and helix 2 
(Ellenberger et al., 1994). Due to differences in helix-loop-helix domain structure, some bHLH 
proteins are capable of forming homodimers or heterodimers, while others can only form specific 
heterodimers; these differences in dimerization partners means that each type of dimer recognizes 
a different E box sequence or sequences, leading to activation of precise targets (Murre et al., 1989; 
reviewed in Massari & Murre, 2000). 
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 The bHLH family is extensive, with 42 members in C. elegans and 125 in humans, and 
individual bHLH proteins differ in their dimerization ability, E box targets, expression patterns, 
other interactors, and more (Baker & Brown, 2018; Grove et al., 2009; Massari & Murre, 2000). 
Massari and Murre (2000) developed a method for classifying bHLH proteins, dividing them into 
seven classes based on some of these factors. Their Class I contains proteins containing only the 
bHLH domains, with the ability to form either homo- or heterodimers and which have generally 
broad expression patterns. C. elegans has one Class I bHLH protein, HLH-2 (Krause et al., 1997b); 
humans have four E proteins and Drosophila has one, Daughterless (Caudy et al., 1988; Cronmiller 
& Cummings, 1993; Massari & Murre, 2000). Class II proteins are only able to form heterodimers 
with Class I proteins (Figure 1.6B), and have much more temporally- and/or spatially-restricted 
expression patterns leading to tight regulation of active heterodimer in developmental processes. 
There are eighteen predicted Class II bHLH proteins in C. elegans that can be further subdivided 
into groups based on orthology to fly genes like Twist, Atonal, and more. In addition, there are a 
few Class II bHLH genes in C. elegans that are regarded as orphan genes due to their lack of 
resemblance to any other known bHLH proteins (Grove et al., 2009.; Ledent, et al., 2002).  
This work focuses exclusively on Class I and Class II proteins as defined by Massari and 
Murre, and all non-hlh-2 C. elegans bHLH genes mentioned here are Class II unless specified 
otherwise. For a further description of this class system and other phylogeny-based methods of 
classification, as well as a discussion of bHLH conservation overall, see Chapter 4. 
 
3.2 Examples of bHLH-induced fate specification in C. elegans 
 In C. elegans, bHLH genes have been studied in contexts other than the gonad, and in 
particular studies of bHLH genes in neuronal and muscle lineage specification provide examples 
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relevant to the work I will present in Chapter 3. As in Drosophila and mammals, C. elegans Class 
II genes are important for proneural potential and neural fate, and for muscle development 
(reviewed in Massari & Murre, 2000). In this capacity, they have been observed to act earlier in 
the lineage to promote neuronal identity of cells later, or they can promote cell fate specification 
in the differentiating neuron itself.   
 A simple example in which bHLH factors act at the level of the parent cells to specify cell 
fate is given by the specification of the C. elegans motor neuron MI.  This neuron is formed after 
the asymmetric division of a parent blastomere to generate an epithelial and a neuronal daughter 
(Sulston & Horvitz, 1977). The bHLH gene ngn-1/neurogenin is required for this asymmetric 
division, as ngn-1(0) animals have two epithelial cells and no MI neurons (Nakano et al., 2010). 
In this instance, a signaling cascade beginning three generations removed from MI and its sister 
leads to expression of NGN-1 and HLH-2 in the MI parent, which then leads to proper MI 
specification in the next generation (Nakano et al., 2010).  
A more complex example is that of lin-32/atonal in the C. elegans male tail neuron lineage, 
as lin-32 is required at multiple steps in precise lineages for proper neuronal specification (Figure 
1.6B, Portman & Emmons, 2000). The male tail, a copulation structure, contains multiple sensory 
ray neurons required for sensing the hermaphrodite vulva. These ray neurons are formed from 
three sets of asymmetric cell divisions: a ray precursor gives rise to a hypodermal cell and a ray 
neuroblast, the latter of which divides twice more to give rise to two neurons and a neuron support 
cell (Figure 1.6C, see Portman & Emmons, 2000). Studies disagree as to whether or not LIN-32 
expression begins at the ray precursor or ray neuroblast stage (Miller & Portman, 2011; Portman 
& Emmons, 2000a). However, LIN-32 is expressed in the anterior daughter of the ray neuroblast, 
though not the A-type neuronal granddaughter; it is not expressed in the posterior ray neuroblast 
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daughter that gives rise to the B-type neuronal granddaughter (Portman & Emmons, 2000a). lin-
32(0) animals still have some ray neurons present, though at a very reduced number, suggesting 
that lin-32 is not completely required for ray neuron fate. However, overriding the wild-type 
asymmetric expression in the lineage via heat-shock expression results in the loss of B type 
neurons from the ordinarily lin-32(-) lineage, as well as the generation of some ectopic A type 
neurons (Portman & Emmons, 2000a). This suggests that lin-32 is required at multiple levels in 
very precise lineages for proper patterning of the male tail ray neurons overall.  
bHLH proteins have also been found to act in the end cells of the lineage to specify their 
fates. One example of this is hlh-4’s activity in the ADL nociceptor sensory neuron (Figure 1.6D, 
(Masoudi et al., 2018). The ADL lineage is initially given proneural fate by the activity of hlh-
14/Achaete-Scute; hlh-4/Achaete-Scute is expressed only in ADL and its apoptotic sister cell after 
the parental division. In ADL, hlh-4 regulates both morphology and the expression of a number of 
genes required for chemoreceptor expression and chemosensory function, suggesting that it is the 
terminal selector for ADL fate and function (Masoudi et al., 2018). Another example is the role of 
another Achaete-Scute homologue, hlh-3. While hlh-3 expression is seen in all neuronal precursor 
lineages, consistent with a proneural role a la lin-32 as described above, hlh-3 may also have a 
role in terminal differentiation of some neurons, as expression is retained in differentiating HSN 
and ventral cord neurons. In particular, HSN neurons in hlh-3(0) animals lack serotonin 
biosynthesis gene expression and have axonal morphology defects (Doonan et al., 2008), 





4. Reprogramming between cell types in C. elegans 
4.1 Overview 
 In the classical model, cells start out with the ability to adopt any fate; as they divide, their 
ability to adopt fates narrows, until they finally specify as one cell fate post-mitotically and retain 
that fate for the rest of their life (Waddington, 1957). However, more recent work has shown that 
cellular plasticity is much more ubiquitous and persistent than previously thought, and that even 
terminally-differentiated cells can be stimulated to adopt new fates in vitro or in vivo. The most 
striking example is that of induced pluripotent stem cells (iPSCs), in which any somatic cell can 
be treated with a specific cocktail of transcription factors to revert back to pluripotency (Takahashi 
& Yamanaka, 2006); cells can also be directly reprogrammed in vitro from one terminal fate to 
another, skipping the pluripotency stage altogether, or even undergo reprogramming during the 
course of normal development (reviewed in Rothman & Jarriault, 2019). Understanding how cells 
can be induced to adopt different fates at any point in their life has great potential for regenerative 
therapies. 
 The term “reprogramming” itself covers a wide variety of cellular events. Reprogramming 
can be achieved through experimental manipulation, or as a part of natural development or 
response to environmental changes or trauma, and can occur between cells at various stages of fate 
commitment. To date, cells have been reprogrammed artificially from terminal differentiation to 
multipotency, from lineage progenitors to a different terminal lineage, and directly from one 
terminal identity to another in C. elegans alone (Euling & Ambros, 1996; Fukushige & Krause, 
2005; Riddle et al., 2016). In addition, there are several natural reprogramming events, including 
regeneration from injury in amphibians and an epidermal to neuron transformation during 
development in C. elegans (Jarriault et al., 2008; reviewed in Henry & Tsonis, 2010). While these 
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different events have precise names (for review see Rothman & Jarriault, 2019), I have used the 
general “reprogramming” here to address them all for the sake of simplicity, with “direct 
reprogramming” used to indicate a reprogramming event from one differentiated fate to another 
without passing through any intermediary stage.  
While reprogramming events can take place between different stages of potency, happen 
in vitro or in vivo, and can occur experimentally, as part of natural development, or in response to 
injury, all of these events share several hallmarks. The most important is a change in overall 
nuclear transcription, which translates to changes in morphology and function associated with the 
new cell type (Rothman & Jarriault, 2019). In addition, while these events may require passage 
through several stages of de-differentiation and re-differentiation, reprogramming is considered 
permanent in its final state; for example, studies have shown that iPSCs have permanent changes 
in gene regulation characterized by alterations in epigenetic marks (Federation et al., 2014). 
Finally, some direct reprogramming events are characterized by a mixed stage, in which the cell 
transiently expresses transcriptional programs characteristic of both its initial and final fate (Marro 
et al., 2011). These hallmarks provide an important set of criteria for determining if a 
reprogramming event is truly occurring. 
 
4.2 Natural reprogramming events 
 As mentioned above, there are several natural cases of cell reprogramming that can happen 
in either normal developmental or regenerative processes. For example, adult newts can regenerate 
their irises by direct reprogramming of nearby pigmented epithelial cells into lens cells (Kodama 
& Eguchi, 1995). In addition, the process of limb regeneration in newts involves a large-scale 
reprogramming of terminally-differentiated muscle, cartilage, and connective tissue cells at the 
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wound site into blastemal cells that coordinate outgrowth of the new limb, before re-differentiating 
into their proper types after the process is complete (reviewed in Brockes & Kumar, 2002). Though 
mammals cannot undergo such extensive regeneration, there is some evidence of reprogramming 
after injury in adult animals, such as direct reprogramming of pancreas to liver cells after depletion 
of copper in rats (Rao et al., 1988).  
 In C. elegans, there are several examples of natural reprogramming (reviewed in Rothman 
& Jarriault, 2019). The most studied such example is the Y-to-PDA transition, in which Y, a rectal 
cell, directly reprograms into the motor neuron PDA during late L1, a process which involves 
changes in cellular morphology and migration away from the rectum. This event does not require 
contribution of the neighboring rectal cells or even migration, as ablation of rectal cells or blocking 
migration did not result in a change in reprogramming. However, it does require lin-12 activity in 
order to give Y the competence for reprogramming (Jarriault et al., 2008). Notably, this appears to 
be an example of direct reprogramming where the cell does not adopt a mixed identity as a 
transition point: despite several screens, there have been no alleles identified to date which cause 
co-expression of both Y and PDA markers (reviewed in Rothman & Jarriault, 2019). Instead, the 
entire process appears to take place in a series of sequential stepwise events, in which the Y cell 
first de-differentiates and then a coordinated set of transcription factors and histone modifiers 
further programs the de-differentiated cell into an invariant PDA (Richard et al., 2011). 
Interestingly, the transcription factors required for the initial de-differentiation of Y have 
mammalian orthologs which associate with the transcription factors required for iPSC formation, 
hinting at a possible conserved set of cellular plasticity effectors (Jarriault et al., 2008; Rothman 
& Jarriault, 2019). 
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 While the Y-to-PDA involves conversion between two very different cell types, there is 
evidence for several other natural reprogramming events in C. elegans as well. Of particular 
interest to us is the adoption of I4 neuron fate. While most neurons arise from the AB lineage, I4 
instead comes from the MS lineage, which mostly gives rise to mesodermal tissues (Sulston & 
Horvitz, 1977). The parent cell of I4, generally understood to have a mesodermal identity, divides 
asymmetrically to give rise to I4 and a pharyngeal muscle daughter. Interestingly, the parent cell, 
I4, and its sister muscle cell all express markers of muscle fate, including the bHLH gene hlh-
1/MyoD. This muscle expression turns off shortly after birth in I4 only as it adopts its neuronal 
fate, suggesting a natural reprogramming event from muscle to neuronal fate in this one cell (Luo 
& Horvitz, 2017). Interestingly, the bHLH gene hlh-3/Achaete-Scute was found to be necessary 
for adoption of I4 identity. HLH-2 and HLH-3 are expressed in only I4 shortly after its birth, and 
in the absence of HLH-3 the cell fated to become I4 adopts the fate of its sister pharyngeal muscle 
cell instead (Luo & Horvitz, 2017).  
 
4.3 Induced reprogramming events 
 As discussed above, there have been many recent attempts at experimentally-induced 
reprogramming. Here, I discuss several of note in both mammals and C. elegans, including some 
attempts using bHLH factors to induce reprogramming. 
 Many reprogramming events in C. elegans have been induced by ectopic expression of a 
large amount of protein, mostly from a ubiquitous heat-shock promoter. One such example comes 
from Tursun et al. (2011), who used a heat-shock promoter to express ectopic che-1, a master 
regulator of ASE fate. However, they were able to induce ectopic expression of the ASE fate 
markers gcy-5 and ceh-36 only in the germline, suggesting that the germline cells were particularly 
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susceptible to reprogramming by this factor; they found further that the germline cells had nuclear 
and morphology changes consistent with reprogramming into neurons. Similarly, Riddle et al. 
(2016) used heat-shock promoters to express the intestinal transcription factor elt-7 in brief pulses 
as late as L4. Remarkably, they showed conversion of the entire hermaphrodite somatic gonad into 
intestine after this brief and late expression, as shown by both marker expression and electron 
micrographs. This conversion is of particular interest to us because it suggests that the cells in the 
somatic gonad are able to be reprogrammed by expression of just a single transcription factor, even 
well after their initial fates are specified.  
 Lastly, bHLH factors have been used to induce reprogramming in several different 
contexts.  Davis et al. (1987) first reported that transfection of mouse fibroblasts with myoD cDNA 
transformed them into myoblasts. Later, myoD was found to induce myoblast fate in differentiated 
cell lines representing all three germ layers, as well as fibroblasts from chickens, rats, and humans, 
but not in monkey kidney cells or HeLa cells (Weintraub et al., 1989), underscoring the importance 
of the initial cell fate in each reprogramming context. In addition, transfection of mouse carcinoma 
cells with neural Class II bHLH factors including NeuroD2 and Ngn1, along with the Class I E 
protein E12, resulted in reprogramming into neurons as seen by morphological changes, marker 
expression, and the ability to conduct electrical impulses (Farah et al., 2000). This work also 
showed that this bHLH-induced reprogramming was directly tied to exit from the cell cycle, 
suggesting a potential link between exit from the cell cycle and natural bHLH-induced fate 
differentiation.  
bHLH factors have also been used to induce cell fate reprogramming in C. elegans in a few 
separate instances. As discussed in section 3.2, the Achaete-Scute homologs hlh-3 and hlh-4 are 
necessary for specification in the specifying I4 and ADL neurons, respectively (Luo & Horvitz, 
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2017; Masoudi et al., 2018). When expressed ubiquitously along with hlh-2, hlh-3 caused ectopic 
expression of pan-neuronal markers in their body wall muscles that suggested muscle-to-neuronal 
reprogramming (Luo & Horvitz, 2017). However, while these cells expressed neuronal markers 
and projections consistent with neuronal morphology, they retained the muscle nuclear 
morphology, suggesting a mixed overall fate (Luo & Horvitz, 2017). In addition, hlh-4, which 
directly induces wild-type ADL fate, can induce marker and/or morphological changes consistent 
with ADL fate when expressed in other ADL-like ciliated sensory neurons or head neurons 
(Masoudi et al., 2018).  
 
5. Structure of this thesis 
 As discussed above, the C. elegans gonad in both the hermaphrodite and the male is 
patterned by the activity of specific regulatory cell types, whose specification and function are 
dependent on the activity of bHLH proteins. In addition, bHLH proteins are capable of 
reprogramming across cell types, and their sufficiency for regulatory cell fate led us to hypothesize 
that changes in their expression during evolution might underlie the changes in regulatory cell 
function seen in other nematode species.  
In Chapter 2, I show that a “code” of Class II bHLH genes are responsible for the 
specification and functions of each regulatory cell type, and that misexpression of these genes is 
capable of reprogramming regulatory cell types in accordance with this code. 
In Chapter 3, I show that cells with AC potential are capable of reprogramming into every 
regulatory cell type, and that cells with LC potential differentiate instead into ACs in the absence 
of their endogenous bHLH proteins. In addition, I show that ectopic expression of HLH-12 alone 
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is sufficient to activate the endogenous migration mechanism of the LC and hDTC, and cause a 
cell to migrate while retaining its original fate. 
In Chapter 4, I perform phylogenetic analyses to determine the extent of Class II bHLH 
gene conservation across various nematode species. I find that most Class II genes are highly 





































Figure 1.1. C. elegans gonadogenesis and somatic gonad primordium formation. Adapted 
from Sallee et al., 2017. 
 
A. Males and hermaphrodites have the same gonad precursors at hatching. The somatic progenitors 
are Z1 and Z4; the germline progenitors are Z2 and Z3.  
 
B. Lineages of somatic gonad cells up to the time of somatic primordium establishment. 
 
C. Somatic primordium formation, with differentiated regulatory cells.  
 
D. Later morphologies.  
 


























C. Somatic primordium 







Figure 1.2. The AC/VU decision and AC specification. Adapted from Attner et al., 2019; Karp 
& Greenwald, 2004. 
 
A. The wild-type AC/VU decision (top) and improper decisions after hlh-2 RNAi performed in 
early L1 (middle) or late L1 (bottom). Genetic circuit shown only in top panel.  
 
B. Birth order bias and hlh-2 expression onset determine AC fate. In this schematic, Z1 is the first 
lineage to divide, and the Z4 lineage gives rise to the AC. In 2, dashed grey arrow: indirect 










Figure 1.3. hlh-2 controls aspects of AC function. The AC is represented in purple in each panel; 
in A and B, cells are shown as nuclei only. Adapted from Alper & Podbilewicz, 2008; Medwig-
Kinney et al., 2020; Newman et al., 1995;Sallee & Greenwald, 2015; Sapir et al., 2007; Sternberg, 
2005. 
 
A. Induction of VPC fate by the AC. Red: primary fate; blue: secondary fate, grey: tertiary fate. 
Not shown is P3.p, which also has tertiary fate.  
 
B. π cell fate decision (dorsal view). Blue cells are π cells; grey cells are ρ cells.  
 
C. Invasion of the primary-fated P6.p descendants.  
 







Figure 1.4. Migration of the hDTCs (A) and LC (B). Only selected genes regulating their 
migration are shown. General migration and pathfinding genes at bottom control migration of both 
the hDTCs and LC. Adapted from Antebi et al., 1998; Blelloch & Kimble, 1999; Kato & Sternberg, 






Figure 1.5. hDTC (A) and mDTC (B) niches. Diagrams represent cross-section of germline. 






Figure 1.6. bHLH protein structure and function in cell fate specification. Adapted from Maria 
Sallee (personal communication); Masoudi et al., 2018; Portman & Emmons, 2000. 
 
A. Cartoon of bHLH protein structure, which will be used throughout this thesis.  
 
B. Class I monomers can dimerize with either other Class I or Class II monomers to promote 
transcription.  
 
C. LIN-32 function in specifying male tail A-type ray neurons.  
 




Table 1.1. Markers and phenotypes used to assess specification and functions of regulatory 
cell types. *cdh-3 is involved in connection, but we used it to assess specification only. ** hlh-
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Figure 2.3B: bHLH genes are required for mDTC development 
Figure 2.4: 
A: Subtracting hlh-3 converts the male-and-proximal LC to a female-and-proximal AC-
like cell. 
B: Addition of HLH-8+LIN-32 reprograms the female-and-proximal AC into a male-and-
distal mDTC 





Figure S2.2B: hlh-2(L2-RNAi): hlh-2 is not required for lag-2 expression in hDTCs after hDTC 
specification 
Figure S2.3: 
A: lag-2 fosmid expression 
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D: ccIs4443[arg-1p] expression 
F: lin-32(0) mDTCs are specified 
Figure S2.4: Gonad primordium formation in reprogramming experiments and compromised 
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Summary:    
Most animals have sexually dimorphic gonads; how such differences are generated is a 
fundamental question at the interface of developmental and evolutionary biology (Kopp, 2012; 
Zhu et al., 2014; Emmons, 2013). In C. elegans, sexual dimorphism in gonad form and function 
largely originates in different apportionment of roles to three “regulatory cells” of the somatic 
gonad primordium that forms in young larvae. Their essential roles include leading gonad arm 
outgrowth, serving as the germline niche, connecting to epithelial openings, and organizing 
reproductive organ development. The development and function of the regulatory cells in both 
sexes requires the basic Helix-Loop-Helix (bHLH) transcription factor HLH-2, the sole ortholog 
of the E proteins mammalian E2A and Drosophila Daughterless (Krause et al., 1997; Karp & 
Greenwald, 2003; Karp & Greenwald, 2004; Tamai & Nishiwaki, 2007; Chesney et al., 2009), yet 
how they adopt different fates to execute their different roles has been unknown. Here, we show 
that each regulatory cell expresses a distinct complement of bHLH-encoding genes--and therefore 
distinct HLH-2:bHLH dimers--and formulate a “bHLH code” hypothesis for regulatory cell 
identity. We support this hypothesis by showing that the bHLH gene complement is both necessary 
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and sufficient to confer particular regulatory cell fates. Strikingly, prospective regulatory cells can 
be directly reprogrammed into other regulatory cell types simply by loss or ectopic expression of 
bHLH genes, and male-to-female and female-to-male transformations indicate that the code is 
instructive for sexual dimorphism. The “bHLH code” appears to be embedded in a bow-tie 
regulatory architecture (Nelson et al., 2011; Friedlander et al., 2015), wherein sexual, positional, 
temporal, and lineage inputs connect through bHLH genes to diverse outputs for terminal features, 
and provide a plausible mechanism for the evolutionary plasticity of gonad form seen in nematodes 
(Felix & Sternberg, 1996; Kiontke et al., 2007; Matson & Zarkower, 2012; Zarkower, 2006; 
Sommer, 2005).  
 
Results  
Systematic analysis of potential heterodimerization partners for HLH-2 in gonadogenesis suggests 
the bHLH code hypothesis 
The regulatory cells in hermaphrodites are the Anchor Cell (AC) and hermaphrodite Distal 
Tip Cells (hDTCs); in the male, they are the Linker Cell (LC) and the male Distal Tip Cells 
(mDTCs). Their lineal origins, the main roles investigated in this study, and marker gene 
expression and morphological features are depicted in Figure. 1.    
At the outset of this study, we knew that hlh-2 is critical for the development of all of the 
regulatory cells (Krause et al., 1997; Karp & Greenwald, 2003; Karp & Greenwald, 2004; Tamai 
& Nishiwaki, 2007; Chesney et al., 2009) and that HLH-2, like all E proteins, functions in a dimer 
(Massari & Murre, 2000; Grove et al., 2009). We also knew that HLH-2 acts as a homodimer for 
specification and function of the AC (Sallee & Greenwald, 2015); as E proteins more commonly 
form heterodimers with other bHLH proteins, we expected that heterodimers would mediate 
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various roles in other regulatory cells. Although HLH-12:HLH-2 heterodimers had been shown to 
mediate full outgrowth of gonad arms in both sexes (Tamai & Nishiwaki, 2007), no other bHLH 
partners had been implicated in regulatory cell specification or function. We therefore 
systematically assessed potential heterodimerization partners by functional and/or expression 
analyses (STAR Methods; Fig. S1, Table S1), and discovered that each regulatory cell type 
expresses an overlapping but distinct set of bHLH proteins soon after they are born and generally 
continuing throughout development—the same pattern as HLH-2, and described further below. 
Based on this unexpected observation, we hypothesized that the distinct complement of bHLH 
genes expressed in each regulatory cell constituted a "bHLH code" for regulatory cell fate (Fig. 
1E). To test this hypothesis, we assessed if the bHLH gene complement is both necessary and 
sufficient to confer regulatory cell fate.     
 
lin-32 and hlh-12 are functionally redundant for hDTC development in accordance with the 
proposed code 
 In hermaphrodites, the hDTCs lead outgrowth of the two gonad arms underlying the 
sexually dimorphic U-shape, and serve as the germline niche by producing ligands that activate 
GLP-1/Notch in the germline stem cells (Kimble & Hirsh, 1979; Austin & Kimble; Henderson et 
al., 1994; Fitzgerald & Greenwald, 1995; McGovern et al., 2009). We assessed bHLH genes for 
roles in hDTC development using a sensitized, phenotype-based RNAi screen (for all predicted 
bHLH genes) and an expression screen of Class II bHLH genes, common heterodimerization 
partners for E proteins (Figs. S1, S2; Table S1; Massari & Murre, 2000; Sallee & Greenwald, 
2015). Both approaches suggested that the code for the hDTC is LIN-32+HLH-12.  LIN-32, like 
its orthologs mammalian ATOH1 and Drosophila Atonal, had been previously implicated in 
35 
 
nervous system development (Zhao & Emmons, 1995; Portman & Emmons, 2000; Miller & 
Portman, 2011); HLH-12 had been previously implicated in hDTC leader function in later larval 
stages (Tamai & Nishiwaki, 2007). Neither gene had been implicated in specification, early leader 
function, or niche function.   
Fosmid-based reporters encoding GFP-tagged LIN-32 or HLH-12 suggested roles in 
specification and terminal functions: both genes are expressed in the hDTCs but not in their 
parents, and continue to be expressed in hDTCs throughout development, similar to both a fosmid-
based GFP-HLH-2 reporter (Fig. S1) and endogenous HLH-2 (Karp & Greenwald, 2004). 
Although lin-32(0) and hlh-12(0) single mutants have two hDTCs, as in wild-type, we find that 
hlh-12 and lin-32 are redundantly required for hDTC specification: 63% (40/64) of prospective 
hDTCs of hlh-12(0); lin-32(0) double mutants exhibit both leader failure concomitant with failure 
to express markers of hDTC specification (Fig. 2A,B,D). In addition, hlh-12 and lin-32 are also 
functionally redundant for early leader function: even when hDTCs are present in hlh-12(0); lin-
32(0) hermaphrodites based on marker expression, gonad arm outgrowth fails completely 
(n=23/64), a more extreme phenotype than the late outgrowth defect of hlh-12(0) and the normal 
outgrowth in lin-32(0) single mutants (Fig. 2B,D). Finally, hlh-12 also promotes expression of the 
niche ligand apx-1 (Fig. 2C).    
In sum, LIN-32 and HLH-12, along with their obligate heterodimerization partner HLH-2, 
are required for hDTC specification and its terminal leader and niche functions, consistent with a 




hlh-3, unique to the LC, confers its identity and blocks its inappropriate programming as an anchor 
cell in males 
In males, the mDTCs provide germline niche function but do not have the leader role 
associated with the hDTCs.  Instead, leader function is assigned to the LC (Fig. 1), which leads 
outgrowth of a single gonad arm to produce the sexually dimorphic J-shape, while the mDTCs fix 
the distal end in the midbody (Kimble & Hirsh, 1979). In its leader function, the LC resembles the 
hDTCs, but in forming the connection with epithelial cells, the LC parallels the AC. Also like the 
AC, the LC has a proximal lineage origin and is specified via lin-12/Notch signaling between 
bipotential precursors (Kimble & Hirsh, 1979; Greenwald et al., 1983).   
The LC expresses three potential heterodimerization partners for HLH-2:  HLH-12 and 
LIN-32, as in the hDTCs, but also HLH-3 (of the Drosophila Achaete-Scute/mammalian ASCL 
family). In hlh-12(0) males, the LC is present and begins to lead gonad arm outgrowth, but often 
does not execute its posterior turn (17/40 males), similar to the hDTC outgrowth defect observed 
in hlh-12(0) hDTCs (Tamai & Nishiwaki, 2007). In contrast, loss of hlh-3, the only bHLH gene 
uniquely expressed in the LC and not in any other regulatory cells, causes profound leader failure 
in 100% (40/40) of males, distinctly more severe than the leader outgrowth abnormality of hlh-
12(0) males (Fig. 3A). We examined the somatic primordium for evidence a LC is present by 
looking at lag-2, which in wild-type males, is expressed in the LC but not mDTCs (Fig. S3A, S3B). 
We observed a single cell in hlh-3(0) mutants that expresses lag-2 (100%, n>20), consistent with 
a specified LC that lacks leader function. However, the lag-2-expressing cell generally remains 
together with the vas deferens precursor cells instead of taking the typical LC position at one end 
of the somatic primordium. We therefore wondered if loss of hlh-3 resulted in lag-2 expression in 
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the female mode, as in the AC or hDTCs (Fig. S3A, S3B), or further, if “subtraction” of hlh-3 
reprograms the LC into an AC-like cell. 
Our analysis suggests that the “unmigrated” cell in hlh-3(0) males has AC-like properties 
but is not completely transformed into an AC. To test if the unmigrated cell in hlh-3(0) males has 
AC features, we first examined hlh-2prox::gfp. In hermaphrodites, this marker, a fragment of the 
hlh-2 promoter, is expressed in the four proximal cells of the somatic gonad primordium that have 
the potential to be the AC (the “α” cells and their sisters; Fig. 1D, Fig S4B), and remains strongly 
expressed in the committed AC; it is not expressed in the committed LC or cells with LC potential, 
hDTCs, or mDTCs (Sallee & Greenwald, 2015; Fig. 4A). In hlh-3(0) males, hlh-2prox::gfp is 
expressed solely in the single lag-2-expressing unmigrated cell, suggesting that “subtraction” of 
hlh-3 reprograms the prospective LC into an AC-like cell (n=9/20, Fig. 4A).  This transformation 
is partial, however, as the unmigrated cell does not express a later marker of AC differentiation, 
cdh-3::gfp (data not shown).   
Why does subtraction of hlh-3 convert the LC into an AC-like cell (code: HLH-2 only) 
instead of an hDTC-like cell (code: LIN-32+HLH-12)? A simple hypothesis is that hlh-3 also 
cross-regulates expression of one or both of the other bHLH genes. We could not examine lin-32 
because the characterized lin-32 fosmid reporter otIs594 was inviable in combination with hlh-
3(0), but remarkably, the HLH-12 fosmid-based translational reporter is not expressed in the hlh-
3(0) prospective LC (n=16/18 early L2 males), indicating that in actuality, the unmigrated cell 




Ectopic expression of the mDTC code, LIN-32+HLH-8, reprograms presumptive anchor cells into 
mDTCs 
The mDTCs express LIN-32 and HLH-8, the ortholog of Drosophila and mammalian Twist 
(Grove et al., 2009). Although the mDTCs, like hDTCs, provide niche function (Kimble & White, 
1981), our analysis suggests that the niche cells display sexual dimorphism in expression of ligands 
for GLP-1/Notch; notably, a transcriptional reporter for arg-1 (Kostas & Fire, 2002), a Notch 
ligand gene, is expressed in the mDTCs and not in the hDTCs or any other regulatory somatic 
gonad cells, allowing us to distinguish the mDTCs from the hDTCs (Fig. S3D). Using a lin-32 null 
allele and an hlh-2 temperature-sensitive allele, we found that bHLH genes promote expression of 
arg-1 (Fig. 3B). We could not assess the contribution of hlh-8 using loss-of-function analysis 
because hlh-8(0) males do not live much beyond the L2 stage combined with our markers, and the 
mDTCs are refractory to RNAi even in sensitized backgrounds (Fig. S3E). Instead, we performed 
an “addition” experiment, as described next, that revealed that hlh-8 and lin-32 together specify 
mDTC identity. 
The sexual identity, position, lineage history, and developmental stage of the regulatory 
cells has been established before hlh-2 is expressed, and its activity specifies their fates (Karp & 
Greenwald, 200; Chesney et al., 2009; Chang et al., 2004; Lam et al., 2006). The timing and 
specificity of reporters for hlh-2 and the bHLH genes encoding its dimerization partners suggest 
that their regulatory regions integrate these inputs. Indeed, a specific element of the hlh-2 promoter 
region, hlh-2prox, is necessary and sufficient for its expression in the AC and its precursors in a 
wild-type hermaphrodite (Sallee & Greenwald, 2015; Fig. 4A). Thus, a corollary of the code 
hypothesis is that bypassing these inputs by ectopically expressing the bHLH gene complement of 
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one regulatory cell type should be sufficient to reprogram that cell into the regulatory cell type 
normally specified by that gene complement.   
The AC provides a tabula rasa for such an “addition experiment” because HLH-2 functions 
as a homodimer to specify its fate and functions, and we could not identify any potential 
dimerization partner in a functional assay or by Class II bHLH gene expression (Fig. S1). We 
therefore tested if we could switch the identity of the AC, which has a proximal lineage origin and 
a female sexual identity, to the mDTC, which has a distal lineage origin and a male sexual identity. 
To do so, we used hlh-2prox to drive expression of HLH-8 and LIN-32 individually or together in 
the AC (Fig. 4B). Ectopic expression of HLH-8, but not LIN-32, is sufficient to induce strong 
expression of the mDTC marker arg-1p::gfp in the AC; however, in both cases, AC morphology, 
and later uterine and vulval morphology, appear normal, indicating that AC specification and 
function is not affected (Fig. S4).   
Remarkably, combining the transgenes that express HLH-8 and LIN-32 causes proximal 
gonadal cells not only to express the arg-1p::gfp mDTC marker, but also to extend processes 
towards the germ line, characteristic of DTCs but not of ACs (Fig. 4B). We see as many as four 
adjacent proximal cells with this morphology, consistent with the reprogramming of all four cells 
that have the potential to be ACs into mDTC-like cells. In addition, the hermaphrodites display 
developmental defects consistent with defects in AC specification or terminal fate: complete 
failure of vulval induction, delayed vulval induction, abnormal vulval morphogenesis, and 
defective uterine seam (utse) formation (Fig. S4C-G).Together, these results indicate that cells 






In sum, the analysis presented here indicates that sexual dimorphism of the regulatory cells 
of the C. elegans somatic gonad reflects a "bHLH code" in which a distinct set of bHLH 
transcription factors specify each regulatory cell type and/or distinctive terminal features 
associated with it.   
The expression pattern and pervasive functions of the bHLH genes that constitute the code 
suggest that they reside in classic “bow-tie” regulatory circuits, wherein multiple inputs and 
outputs connect through a relatively simple intermediate (Nelson et al., 2011; Friedlander et al., 
2015). The different inputs include sexual, positional, temporal, and lineage information that leads 
to the regulatory cell-specific expression of particular bHLH genes (Fig. 4C).  The ability to bypass 
these inputs to directly reprogram the proximal-female AC into the distal-male mDTC—the 
“addition” experiment of Fig. 4—supports this inference. In addition, since all four cells with AC 
potential appear to be transformed into mDTCs, this observation further suggests an essential 
equivalence of the prospective regulatory cells before their fates are specified by the expression of 
their specific bHLH complement.  
In turn, different combinations of bHLH genes in each type of regulatory cell direct the 
different outputs—bHLH transcriptional target genes. It is known that HLH-2 homodimers 
directly regulate many different genes in the anchor cell (Karp & Greenwald, 2003; Sallee & 
Greenwald, 2015; Hwang & Sternberg, 2004; Hwang et al., 2007; Verghese et al., 2011). It is 
intriguing that HLH-12 is expressed in hDTCs and the LC, which both have leader function, and 
at least two genes required for outgrowth appear to be bHLH transcriptional targets (Tamai & 
Nishiwaki, 2007; Meighan et al., 2015). Other outputs may be more complex, and reflect 
differences in bHLH heterodimer binding preferences (Grove et al., 2009), or incorporate other 
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information, such as feed-forward influences from the input pathways on target gene availability 
or selection, and cross-regulation of bHLH genes, as observed in the LC (described above).   
 The bHLH code also has implications for evolution of gonad form and function. The gonad 
primordium of all nematodes is remarkably similar, yet, in addition to sexual dimorphism within 
a species, there is striking plasticity in the lineages that give rise to the regulatory cells and in the 
distribution of their roles when different species are compared (Felix & Sternberg, 1996; Sommer 
& Sternberg, 1994). For example, in Mesorhabditis, the AC does not induce the vulva and instead 
leads outgrowth of the single gonad arm posteriorly towards the vulva (Felix & Sterberg, 1996), 
reminiscent of the C. elegans LC. The bHLH code we have deduced in C. elegans provides a 
plausible mechanism for how the key roles of specialized cells may be grouped as a genetic module 
and reassigned to other cells in evolution. Indeed, the bHLH code is reminiscent of the Hox code—
the canonical example of a group of related genes that control morphological diversity in 
organisms and are modulated during evolution, with “executive functions” at higher levels, 
including cross-regulation amongst themselves, as well as directly regulating “blue collar” or 
“realisator” genes that execute terminal functions (Pearson et al., 2005; Garcia-Bellido et al., 
1973).   
Finally, we note that bHLH proteins are highly conserved in structure and function—
indeed, the human ortholog of HLH-2 can substitute for HLH-2 in C. elegans proximal 
gonadogenesis (Sallee & Greenwald, 2015)—and while there is great variation in sex 
determination mechanisms, there is deep conservation of the Doublesex/Mab-3 regulators 
(Gamble & Zarkower, 2012). Thus, the fundamental principles that underlie gonadogenesis in 
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Figure. 2.1.  Gonadogenesis in C. elegans.  See also Fig. S1. 
   
A-C. Schematic representation of gonadogenesis.  
A. The somatic precursors Z1 and Z4 generate the somatic primordium by the lineages shown:  
hDTC (red) and AC (purple) in hermaphrodite, and mDTC (blue) and LC (green) in male. 
    
B. The regulatory cells are terminally differentiated and adopt characteristic positions; the 
remaining cells, located in the region in gray, are progenitors to structures that develop later. In 
hermaphrodites, the hDTCs provide the “niche function” of nurturing germ line stem cells (GSCs) 
and lead outgrowth of the gonad arms, first migrating outward in opposite directions to extend the 
gonad arms (“leader function”), and then reflexing to generate a U-shape. The two “α” cells 
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interact via LIN-12/Notch to resolve which will be the AC, which adopts a central position in the 
somatic primordium and remains there to induce the vulva, pattern the ventral uterus, and forge 
the connection between them. In males, the anterior prospective mDTC migrates posteriorly to 
join the other prior to primordium formation to establish the distal end and to serve as the niche 
for the GSCs; LIN-12/Notch also resolves which of two cells becomes the LC, which leads 
migration of the single arm outward and forges the connection with the cloaca. 
 
C. By L4, the hDTCs and LC have led outgrowth of the gonad arms, and the AC has begun to 
induce vulval morphogenesis; the hDTCs and mDTCs continue to stimulate GSCs.  
 
D. Gene expression profiles and cell functions of each regulatory cell. Our functional analysis was 
based on the terminal features or marker expression shown here. bhlh mutants frequently had LC 
migration defects, impeding an analysis of the LC “Connect” function. For details on 
transcriptional reporters, see the Key Resources Table and STAR Methods. 
 
E. The “bHLH code” for sexually dimorphic gonad development. For details on bHLH reporters, 





Figure 2.2.  bHLH genes are required for hDTC specification and its terminal features. See 
also Fig. S2. Each hDTC was scored independently.  “hlh-12(0*)” denotes that null homozygotes 
were obtained as segregants from balanced heterozygotes. See STAR Methods for additional 
details.  Statistical analysis: two-tailed 2x3 Fisher’s exact probability test, *p<0.01, **p<0.001.   
  
A. Analysis of null mutants indicates that hlh-12 and lin-32 are required redundantly to specify 
hDTC fate. Percent of hDTCs expressing transcriptional reporters for lag-2 and hlh-2. Normally, 
hDTCs express both hlh-2 and lag-2 transcriptional reporters (arEx2194[hlh-2p::gfp] and 
arIs222[lag-2p::tagrfp]). lag-2 expression defines hDTC specification because it does not require 
hlh-2 activity after specification (Fig. S2, STAR Methods). In hlh-12(0); lin-32(0) double mutants, 
a prospective hDTC either expresses both hlh-2 and lag-2 reporters (indicating specification) or 
neither reporter (indicating lack of specification).   
 
B. hlh-12 and lin-32 are required redundantly for hDTC leader function. Normal, defective, or no 
outgrowth of the hDTC was assessed by examining gonad arm shape and hDTC position (criteria 
in D).    
 
C. hlh-2 and hlh-12 are required for expression of a transcriptional reporter for the hDTC niche 
ligand apx-1, but lin-32 is not. Percent of hDTCs expressing the transcriptional reporter apx-
1p::gfp (naEx156 (McGovern et al., 2009)).  hlh-2 and hlh-12 RNAi leads to loss of apx-1p::gfp 
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expression in hDTCs, while the lin-32(0) loss does not. See Figs. S2 and S3 for further assessment 
of niche function. 
 
D. Representative phenotypes scored in B. L4 hermaphrodite gonad morphology is shown. Top, 
normal hDTC function in wild-type or lin-32(0) hermaphrodites; bottom left, defective outgrowth, 
characterized by deficient elongation and/or turning, as in hlh-12(0) hermaphrodites (Tamai and 
Nishiwaki, 2007); bottom right, leader failure (no outgrowth), as in hlh-12(0*); lin-32(0) 
hermaphrodites. Photomicrographs show the anterior half of an L4 hermaphrodite gonad, outlined 
in white dotted lines; arrow, vulva. Red boxes indicate the position of the hDTC; the inset shows 
expression of two markers of hDTC specification: hlh-2p::gfp and lag-2p::tagrfp. Cytoplasmic 
GFP shows the presence of processes characteristic of hDTCs. In the hlh-12(0*); lin-32(0) 
hermaphrodite, GFP expression is often dim, and brightness and contrast were adjusted (left inset) 




Figure 2.3.  bHLH genes are required in males for terminal functions of the LC and mDTCs. 
See also Fig. S3. Statistical analysis in graphs: two-tailed 2x3 Fisher’s exact probability test, 
*p<0.01, **p<0.001. For photomicrographs, scale bar is 10 μm, inset scale bar is 5 μm.   
 
A. bHLH genes are required for LC development. Top, the percentage of bHLH mutant males with 
abnormal outgrowth, as in hlh-12(0) (Tamai and Nishiwaki; 2007), or no outgrowth, as in hlh-
3(0). In hlh-3(0) males, lag-2 reporters are expressed, but the apparent failure of gonad arm 
outgrowth results from “LC””AC” transformation (Fig. 4), suggesting that hlh-3 specifies LC 
fate. Bottom, representative photomicrographs show normal outgrowth, defective outgrowth, and 
leader failure. White dotted lines outline the gonad, and the green box and arrowhead indicate the 
position of the single arIs222[lag-2p::tagrfp]-expressing cell in the region of the somatic gonad 
shown in the inset.  
 
B. bHLH genes are required for mDTC development. Top, the percentage of bHLH mutant males 
expressing arg-1p::gfp (ccIs4443). Two HLH-2-YFP-expressing cells are present in lin-32(0) 
males, suggesting mDTC fate is still specified (Fig. S3F).  Strains with lin-32(0) were scored as 
L4-stage larvae; strains with hlh-8(0) were scored as L2 larvae, because males arrest around that 
time. The enhancement observed in hlh-2(ts); lin-32(0) males suggests that another bHLH gene is 
functionally redundant with lin-32 for either specification or niche function. Fig. 4 shows that lin-
32 and hlh-8 together cause ACmDTC reprogramming, suggesting that they normally act 
together to specify the mDTC. Bottom, representative photomicrographs shows arg-1 reporter 




Figure 2.4.  Reprogramming regulatory cell fate by subtraction or addition of bHLH gene 
activity in accordance with the “bHLH code.” See also Fig. S4.  
 
A. Subtracting hlh-3 converts the male-and-proximal LC to a female-and-proximal AC-like cell. 
In wild-type, the AC expresses both hlh-2prox::gfp (green) and lag-2::tagrfp (red; purple 
arrowhead) and the LC expresses lag-2::tagrfp but not hlh-2prox::gfp (green arrowhead). In hlh-
3(0) males, we observe a partial LC-to-AC conversion: hlh-2prox::gfp is ectopically expressed in 
the single lag-2-expressing cell (purple arrowhead, AC-like; n = 16/21).A dotted white line 
outlines the gonad, and scale bar is 10 μm. 
 
B. Addition of HLH-8+LIN-32 reprograms the female-and-proximal AC into a male-and-distal 
mDTC. Normally, an AC (marked by arIs51[cdh-3p::gfp] expression) does not extend cellular 
processes toward the germ line (upper left), while a mDTC (marked with arg-1p::gfp) does (blue 
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arrowhead, upper right). Ectopic expression of HLH-8 in the presumptive AC causes only ectopic 
expression of arg-1p::gfp (lower left; n = 19/20), and LIN-32 alone has no overt effect (data not 
shown). However, when both HLH-8 and LIN-32 are expressed, we see 2-4 mDTC-like cells in 
the L2 stage, with both arg-1p::gfp expression (n = 20/20) and processes extending into the 
proximal germ line during the L2 stage (blue arrowheads, n = 13/15). In the individual shown 
(lower right), all four cells were transformed; the image shows a Z-projection of two of the four 
cells that express arg-1p::gfp and display mDTC-like germline processes. Interestingly, mDTC 
features are most apparent in the L2 stage, and appear to diminish with developmental 
progression—e.g., the number and extent of the mDTC-like processes decreases in later stages—
suggesting that hlh-2prox expression may be lost when the cells are mDTC-like, concordant with 
the normal lack of hlh-2prox in such cells. Scale bar is 5 μm.   
 




Experimental model and subject details 
 
C. elegans strains  
See Key Resources Table for the full list of strains. Strains were maintained under standard 
conditions at 15°C, 20°C, or 22°C and scored at different temperatures as indicated. pha-
1(e2123ts) facilitated the generation of some transgenes, and him-8(e1489) IV or him-5(e1490) V 
were included in some strains to generate self-progeny males. Hermaphrodite and male larvae and 
adults were scored, and sex and developmental stage are stated for each experiment. The RNAi 
sensitizer nre-1(hd20) lin-15b(hd126) (Schmitz et al., 2007) was included in most strains in which 
RNAi was performed. arIs51[cdh-3p::gfp] IV (Karp & Greenwald, 2003) and oxTi414[eft-
3p::mcherry] IV (Frokjaer-Jensen et al., 2014) facilitated manipulations with hlh-12. 
The following bHLH mutations were used: hlh-2(bx108ts) is a temperature-sensitive 
missense mutation that causes a low-penetrance 2AC defect at 25°C, and can genetically sensitize 
worms to the loss of other bHLH genes (Sallee & Greenwald, 2015; Portman & Emmons, 2000).  
hlh-3(tm1688) (Doonan et al., 2008), hlh-8(nr2061) (Meyers & Corsi, 2010), hlh-12(tk68) (Tamai 
& Nishiwaki, 2007), and lin-32(tm1446) (Miller & Portman, 2011) are deletion alleles that remove 
a large portion of the bHLH domain, making them likely null alleles.  
The following transgenes were used as cell fate markers. See also Fig. S3 for further 
observations on the expression of lag-2 and arg-1 reporters. 
We used three different lag-2 reporters, depending on the color and specific features 
desired. All are strongly expressed in the AC, hDTCs, and LC (Fig S3). (i) arIs222[lag-2p::2xnls-
tagrfp] (Sallee & Greenwald, 2015), often referred to here as lag-2p::tagrfp, contains 7.2 kb of 5’ 
flanking region. (ii) arIs131[lag-2p::2xnls-yfp] (Li & Greenwald, 2010)  also contains 7.2 kb of 
5’ flanking region. (iii) arEx2499 is a complex array containing a lag-2-gfp fosmid translational 
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reporter, constructed as described below.  
ccIs4443[arg-1p::gfp] is expressed in the mDTC (Kimble & White, 1981) but not in the 
other regulatory gonadal cells (Fig. S3D). 
arIs51[cdh-3p::gfp] (Karp & Greenwald, 2003) is expressed in the AC, but not in the 
hDTC, mDTC, or LC. 
naEx156[apx-1p::gfp] (McGovern et al., 2009) was used as a readout of hDTC niche 
function (Fig. 2). Due to a high degree of mosaicism, it was not used as a readout for mDTC niche 
function (Fig. S3C). 
Like other hlh-2prox-based reporters (Sallee & Greenwald, 2015), arTi22[hlh-2prox::gfp-
his-58] (this study) is expressed in the four cells with AC potential (the α and β cells) and their 
parents; when the somatic primordium is forming, expression persists more strongly in the two 
“α” cells, which also retain AC potential until it is resolved by LIN-12/Notch signaling; and then 
after the somatic primordium has formed, it becomes strongly expressed in the AC and weakly 
expressed in the VUs, but not in other gonadal cells (Fig. 4A).  
arEx2194[hlh-2(5.2kb)p::gfp] (this study) is expressed in the hDTC and was used in 
conjunction with arIs222 to indicate a specified hDTC (see Fig. 2). 
 The following transgenes were made to examine the consequences of ectopic expression 
of bHLH genes in the AC via hlh-2prox, shown in Fig. 4 and Fig. S4: arTi148, derived from pHL3, 
expresses LIN-32; and arEx2500, a complex array derived from pHL5, expresses HLH-8. The 
constructs used to make these transgenes are described in the next section. 
 
Method details 
Ectopic bHLH expression constructs 
 
“hlh-2prox” is a fragment from the hlh-2 5’ flanking region that, when the somatic 
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primordium is forming or formed, drives expression in the four proximal cells of hermaphrodites 
with AC potential, their parents, and the specified AC and VUs, with expression subsequently 
maintained relatively high in the AC and low in the VUs (Sallee & Greenwald, 2015; see also Fig. 
1).   
Using standard restriction site cloning, PCR fusion (Hobert, 2002), and Gibson cloning 
(Gibson, 2011), we created constructs in which hlh-2prox drives expression of a bHLH gene 
associated with specification or terminal features of a different regulatory cell, in an operon with 
SL2::2xNLS-mCherry so that successful expression of the untagged bHLH protein could be 
assessed by mCherry. We used the gpd-2 SL2 sequence from pXW09 (Wei et al., 2012).  All such 
constructs have the form hlh-2prox::bhlh::sl2::mcherry::unc-54 UTR, and are abbreviated 
hereafter as hlh-2prox::bhlh.Furthermore, all were created in a miniMos vector (pCFJ910) 
(Frokjaer-Jensen et al., 2014) that would allow for single-copy insertion or analysis in conventional 
complex arrays. 
pHL3: the bHLH insert is lin-32 cDNA obtained from Douglas Portman (Portman & 
Emmons, 2000).   
pHL5: the bHLH insert is hlh-8 cDNA provided by Marian Walhout (Grove et al., 2009) 
.  
lag-2-gfp fosmid-based reporters 
 
 To construct the lag-2-gfp fosmid reporter, gfp was recombineered into the fosmid 
WRM0620cE03 to stay in frame at the carboxy terminus of lag-2; we followed the standard 
recombineering protocol (Tursun et al., 2009) but with a five-fold increase in PCR product to 





Generation of transgenes 
 
 Generation of arEx2194:  this transgene marks hDTCs. It is a complex array derived from 
pMS2, a construct containing a 5.2 kb fragment of the 5’ flanking region of hlh-2 (Sallee et al., 
2015). pMS2 (1 ng/μL) was coinjected with pBX [pha-1(+)] at 1 ng/μL (Granato et al., 1994), 
pJL17 (ttx-3p::mCherry) at 2 ng/μL, and PvuII-digested N2 genomic DNA at 50 ng/μL into pha-
1(e2123ts) hermaphrodites. Individual injected pha-1(e2123) adult hermaphrodites were raised at 
15°C for 3 days, and then shifted to 22°C for four days. Independent transgenic strains were 
isolated (maximum of one per P0). The strain was subsequently kept at 22°C or 25°C to maintain 
selective pressure to retain the array, which rescues the pha-1(e2123ts) lethality. 
Generation of transgenes for bHLH ectopic expression: arTi148[hlh-2prox::lin-32] was 
created by injecting pHL2 into PD4443 (ccIs4443[arg-1p::gfp]) hermaphrodites, followed by the 
standard miniMos strain generation protocol (Frokjaer-Jensen et al., 2014). arEx2500[hlh-
2prox::hlh-8] was created by injecting ScaI-digested pHL5 into PD4443 hermaphrodites at 1ng/μL 
with PvuII-digested N2 genomic DNA at 50 ng/μL and ScaI-digested pCW2 (ceh-22p::gfp) at 1 
ng/μL. 
 Generation of arEx2499[lag-2-gfp fosmid]: NotI-digested fosMS3 was injected at 15 
ng/μL with Sca-I-digested pBX (pha-1(+)) and pCW2 (ceh-22p:gfp) at 1ng/μL and PvuII-digested 
N2 genomic DNA at 50 ng/μL into pha-1(e2123ts) hermaphrodites. The strain carrying arEx2499 
was established using pha-1 rescue as described above.  
 
RNAi   
 
RNA interference (RNAi) was performed by feeding bacteria expressing double-stranded 
RNA specific to a single gene (Kamath et al., 2003) to L1 or L2 worms. We used published RNAi 
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clones: hlh-2 (Karp & Greenwald, 2003), 30 sequenced bHLH genes from the Ahringer library 
(Kamath et al., 2003), and RNAi clones for the remaining eleven bHLH genes (Sallee et al., 2015). 
RNAi plates were made as previously described: NGM plates with 6mM IPTG and 100uM 
carbenicillin with 75uL of overnight RNAi bacterial culture (2xYT with 50uM ampicillin). 
Embryos were collected from gravid hermaphrodites via treatment with a bleach/sodium 
hydroxide solution, followed by washing in M9, and then embryos hatched on the RNAi plates at 
25°C (for L1 RNAi) or grown first on seeded plates and then placed on RNAi plates (for L2 RNAi).   
For the hDTC functional screen, L1 worms of strain GS7535[hlh-2(bx108); arIs222[lag-
2p::2Xnls-tagrfp]; nre-1(hd20) lin-15b(hd126) were placed on RNAi bacteria and scored 
approximately 40 hours later, when lacZ negative control larvae are at the early L4 larval stage 
with vulval invagination is underway and the hDTCs having completed both turns. RNAi targeting 
lacZ was used as a negative control and RNAi targeting hlh-12 was used as a positive control for 
every experiment. When present, hDTCs were identified by morphology and by expression of the 
marker arIs222[lag-2p::tagrfp]. Although Class II bHLH genes are the most likely to encode 
dimerization partners for the sole Class I bHLH gene hlh-2 (Massari & Murre, 2000; Grove et al., 
2009), we included all 41 C. elegans genes that encode proteins with predicted bHLH domains 
(other than hlh-2) in the screen.   
For scoring the requirement of bHLH genes for niche marker gene expression, L2 worms 
of strain GC956, GS8185 or GS8605 were placed on RNAi bacteria. For GC956 and GS8185, 
animals were staged based on L2 gonad morphology (gonad elongation underway) and for the Rol 
phenotype conferred by the transgene, which is not apparent in the L1 stage but is evident in the 
L2 stage. For GS8605 animals were staged by L2 gonad morphology and if lag-2 was still 
expressed in the two α cells, in order to maximize exposure of hDTCs to RNAi treatment. L2 
55 
 
larvae were washed with M9 and transferred onto RNAi plates, and hermaphrodites were scored 
approximately 40 hours post-embryo collection, between late L3 and mid L4.   
When we tested the ability to use RNAi for a functional screen of male regulatory cells, 
using GS7859[hlh-2(bx108); arIs222[lag-2p::tagrfp]; ccIs4443[arg-1p::gfp] him-5(e1490); nre-
1(hd20) lin-15b(hd126)], we found that mDTCs are refractory to RNAi (Fig. S3E) and therefore 
instead relied on the bHLH fosmid expression screen to identify bHLH genes in male regulatory 
cells. 
 
bHLH fosmid expression screen 
 
Strains carrying translational reporters were available for 17/18 Class II bHLH genes (all 
but hlh-32, as no translational reporter was available).  The translational reporters contain a large 
portion of the genomic context of each gene, with all but HLH-16 being fosmid-based (Sallee et 
al., 2015).  We examined one transgenic strain for HLH-8, HLH-16, and LIN-32 (integrated), and 
two independent transgenic strains for the remaining 14 bHLH genes.  We visually screened these 
strains for expression in the hDTC, LC and mDTC in all larval stages (Fig. S1).  Males were 
generated by crossing wild-type N2 or pha-1(e2123) males to hermaphrodite strains carrying 
fosmid reporter transgenes, except in the case of otIs594[lin-32-gfp fosmid], where the allele him-
5(e1490) was used to increase the frequency of male self-progeny.   
Expression was examined in more detail for the hlh-2-gfp fosmid (arEx2028), the lin-32-
gfp fosmid (otIs594), the hlh-12-gfp fosmid (arIs235) the hlh-8-gfp fosmid (wgIs74), and the hlh-
3-gfp fosmid (otIs648), with a minimum of 10 larvae scored for expression at each stage for each 
reporter (Fig. S1).  All scoring was performed at the 63x PlanApo objective on a Zeiss Axio Imager 
D1 microscope with a Zeiss AxioCam MRM camera, with expression considered “ON” if 
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hDTC. Leader defect = elongated gonad without completion of both turns by the time 
vulval invagination was occurring. Leader failure = no evidence of gonad elongation. Niche defect 
= no expression of naEx156[apx-1p::gfp]. Specification defect:  concomitant leader failure and 
lack of niche marker expression. The niche marker arIs222[lag-2p::tagrfp] was used in the 
functional RNAi screen and both arIs222 and arEx2194[hlh-2p::gfp] were used for other analyses. 
We used lag-2p::tagrfp as a marker for hDTC specification rather than for niche function, because 
lag-2 expression does not depend on hlh-2 in a specified hDTC (Fig. S2B). 
mDTC. Niche defect = no expression of ccIs4443[arg-1p::gfp]. Specification was assessed 
using otIs502[yfp-hlh-2 fosmid].   
LC. Leader defect = elongated gonad without dorsal and/or posterior turn. Leader failure = 
swollen gonad due to continued germline proliferation with no evidence of gonad elongation (no 
outgrowth). Specification was assessed using arIs222, but see text for further discussion.  
 
bHLH mutant analysis 
 
In many cases, worms were synchronized to facilitate obtaining large numbers of animals 
at the appropriate stage. Two methods were used: collecting embryos from gravid hermaphrodites 
via treatment with a bleach/sodium hydroxide solution followed by washing in M9, or having 
gravid hermaphrodites lay eggs for two hours, and then determining the appropriate amount of 
time needed to achieve the desired stage. 
hDTCs.  Mutant hermaphrodites were grown as homozygotes, except for double mutants 
with hlh-12(tk68) due to sterility. In those cases, hlh-12(tk68) homozygotes segregated from 
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heterozygous mothers, with hlh-12(tk68) balanced by either arIs51 or oxTi414. Mutants were 
grown at 25°C and examined at the L4 stage for evidence of defective hermaphrodite distal tip cell 
(hDTC) leader function and specification (Fig. 2A,B). Images were taken using the 40X PlanNeo 
objective of a Zeiss Axio Imager D1 microscope and a Zeiss AxioCam MRm camera. Expression 
of markers was determined at a 100 ms GFP and 50 ms RFP exposure time was scored as “ON.”  
To score for niche defects, naEx156[apx-1p::gfp; rol-6(su1006)] expression was scored as 
a proxy for hDTC niche function (Fig. 2C, Fig. S3C). To bypass a requirement for hDTC 
specification in the L1 stage (Karp & Greenwald, 2004), hermaphrodites were treated with bhlh 
RNAi beginning in the L2 stage. GC956 [naEx156] or GS8185 [lin-32(tm1446); naEx956] 
embryos were collected by treating approximately 200 gravid array-carrying hermaphrodites with 
a bleach/sodium hydroxide solution, and pipetted onto NGM plates seeded with OP50 at 25°C. 
Affected hDTCs show abnormal gonad elongation on hlh-2(RNAi) and hlh-12(RNAi), and were 
scored for GFP expression using the 63x PlanApo objective of a Zeiss Axio Imager D1 
microscope.  hDTCs were identified by morphology and position using DIC, and GFP expression 
scored as “ON” if it was visible with a 500 ms exposure time. 
  mDTCs.  Strains were grown at 25°C and males were imaged at either L2 or L4 (as 
indicated). As the mutants analyzed for mDTC phenotypes do not have defective gonad arm 
outgrowth, males were staged based on gonad elongation. GFP expression was scored as “ON” if 
it was visible by eye, and images were taken at a 10 ms exposure time. All bHLH single and double 
mutants scored for mDTC phenotypes were maintained and analyzed as homozygotes (Fig. 3B). 
We observed that hlh-8(nr2061) or hlh-2(bx108); hlh-8(nr2061) males frequently did not survive 
past the L2 stage, as determined by the extent of LC-directed gonad elongation; we thus scored all 
males carrying the hlh-8(nr2061) allele at the L2 stage only (Fig. 3B). 
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  LC. Strains were grown at 25°C and scored as described above. 
 
Reprogramming experiments 
  “Subtraction” experiment.   GS8628 and GS8629 were synchronized at 25°C using the 
egg-laying method described above, and scored approximately 34-36 hours later, during the L3 
stage. Due to the completely penetrant migration defect seen in hlh-3(0) animals, gonad extension 
in the wild-type control was used to stage animals, and only lag-2p::tagrfp-expressing cells were 
scored for arTi22 expression at a 500ms exposure for GFP. 
  To verify that the somatic primordium forms normally in hlh-3(0) males, GS7876 and 
GS8008 animals were synchronized using the egg-laying method at 25°C and scored during late 
L1, just after LC specification. In hlh-3(0) and hlh-3(+) male larvae, we observed arIs222[lag-
2p::tagrfp] expression in four anterior somatic gonad cells, consistent with the LC and VDs as in 
wild-type (Fig. S4A). 
  “Addition” experiment. Embryos were collected using the bleach/sodium hydroxide 
protocol described above, grown at 25°C, and scored during late L2 for arg-1p::gfp expression, 
using the 63x PlanApo objective of a Zeiss Axio Imager D1 microscope. α and β cells with ectopic 
bHLH expression were identified by position and by the presence of mCherry, which is co-
expressed with the bHLH genes from hlh-2prox; arg-1p::gfp expression was scored as “ON” if 
visible at a 25ms exposure time. mCherry was always observed in only four cells. 
 As shown in Figure 4B, +LIN-32 +HLH-8 hermaphrodites also display mDTC-like 
processes towards the germline in α and β cells expressing arg-1p::gfp. To visualize these 
processes, we used a spinning disk confocal microscope (Carl Zeiss) and captured images using 
the 100x objective. These hermaphrodites were also scored for functional AC defects (Fig. S4C-
G).   
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 In a wild-type hermaphrodite, the AC induces vulval development and invagination in the 
L3 stage, and joins the uterine-seam cell (utse) in the L4 stage. Hermaphrodites were raised at 
25°C and L4 larvae were examined for defects in these AC-dependent processes by DIC at 63x on 
the Zeiss Axio Imager D1 microscope. As hlh-2prox does not drive expression in the hDTCs, 
gonad elongation was predicted to be normal and used to stage animals. Hermaphrodites were 
scored as having abnormal vulval induction if the vulval precursor cell P6.p had divided only once 
by the time both gonad arms had reflexed, as identified using DIC, and as having abnormal vulval 
invagination if there was no evidence of invagination by the time both gonad arms had reflexed or 
if defects such as multiple connected invagination sites were seen (Fig. S4C, S4D). Animals were 
also scored for abnormal vulval morphology, defined as large “blips” at the vulva site (Fig. S4G). 
Fusion of the AC to the utse was considered abnormal if the AC nucleus was visible above the 
invaginated vulva at the time of normal utse formation (Fig. S4E, S4F).  
  To verify that the somatic primordium forms normally in the +LIN-32 +HLH-8 
hermaphrodites, GS8726 and GS8630 animals were synchronized using the bleach/sodium 
hydroxide protocol described above, grown at 25°C, and scored during late L1/early L2 for cells 
expressing either GFP-HIS-58 or mCherry showing the stereotypical position of the α and β cells 
([19, 51], Fig. S4B).  
 In contrast to most Class II bHLH proteins, which form obligate dimers with HLH-2/Da/E 
proteins [16, 17], HLH-8/Twist has been proposed to function as either homodimers or 
heterodimers [43]. Since HLH-2 is stable only in the AC [18], but hlh-2prox drives ectopic 
expression of HLH-8 in all four cells with AC potential, the observation that arg-1 is expressed 
only in the AC when HLH-8 alone is ectopically expressed implies that HLH-8:HLH-2 
heterodimers (rather than HLH-8 homodimers) drive arg-1 expression. Furthermore, the 
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observation that all four cells express arg-1 in +LIN-32+HLH-8 hermaphrodites is further support 
for the interpretation that they are transformed into mDTCs, where HLH-2 should be stable. 
 
Quantification and statistical analysis 
When comparing two genotypes for the frequency of two outcomes, a two-tailed 2x2 
Fisher’s exact test was used. This test was used in Fig. 2C. When comparing two genotypes for 
the frequency of three different outcomes, a two-tailed 2x3 Fisher’s exact probability test was 
used. This test was used in Figs. 2A, 2B, and 3. For all cases, differences were considered 
significant if the p-value is less than 0.01. 
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Table 2.1. Key resources table 
REAGENT or RESOURCE SOURCE IDENTIFIER 
C. elegans Strains 
GC956: naEx156[apx-1p::gfp] [23] WB Strain: GC956 
GS4581: arIs51[cdh-3p::gfp] IV [5]  
GS5004: hlh-2(bx108ts) I This paper  
GS7055: hlh-2(bx108) I; lin-32(tm1446) X This paper  
GS7428: pha-1(e2123) III; arEx2028[hlh-2-gfp 
fosmid] 
[18]  
GS7535: hlh-2(bx108) I; arIs222[lag-2p::2xnls-
tagrfp] V; nre-1(hd20) lin-15b(hd126) X 
[18]  
GS7687: hlh-12(tk68/arIs51[cdh-3p::gfp]) IV; lin-
32(tm1446) X 
This paper  
GS7690: hlh-2(bx108) I; hlh-12(tk68)/arIs51[cdh-
3p::gfp] IV 
This paper  
GS7726: arIs235[hlh-12-gfp fosmid]; him-
5(e1490) V 
This paper  
GS7732: otIs594[lin-32-gfp fosmid]; him-5(e1490) 
V 
This paper  
GS7826: pha-1(e2123) III; arIs222[lag-2p::2xnls-
tagrfp] him-5(e1490) V; arEx2194[hlh-
2(5.2kb)p::gfp] 
This paper N/A 
GS7827: pha-1(e2123) III; arIs222[lag-2p::2xnls-
tagrfp] him-5(e1490 V); lin-32(tm1446) X; 
arEx2194[hlh-2(5.2kb)p::gfp] 
This paper N/A 
GS7851: qIs90[ceh-22p::venus]; hlh-12(tk68) IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V 
This paper  
GS7853: pha-1(e2123) III; hlh-12(tk68) IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490 V); 
arEx2194[hlh-2(5.2kb)p::gfp] 
This paper N/A 
GS7854: pha-1(e2123) III; hlh-
12(tk68)/oxTi414[eft-3p::mcherry] IV; arIs222[lag-
2p::2xnls-tagrfp] him-5(e1490 V); lin-32(tm1446) 
X; arEx2194[hlh-2(5.2kb)p::gfp] 
This paper N/A 
GS7859: hlh-2(bx108) I; ccIs4443[arg-1p::gfp] IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V; nre-
1(hd20) lin-15b(hd126) X 
This paper  
GS7874: lin-32(tm1446)X This paper  
GS7876: ccIs4443[arg-1p::gfp] IV; arIs222[lag-
2p::2xnls-tagrfp] him-5(e1490) V 
This paper  
GS7877: ccIs4443[arg-1p::gfp] IV; arIs222[lag-
2p::2xnls-tagrfp] him-5(e1490) V; lin-32(tm1446) X 
This paper  
GS7878: hlh-2(bx108) I; ccIs4443[arg-1p::gfp] IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V 
This paper  
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GS7879: hlh-2(bx108) I; ccIs4443[arg-1p::gfp] IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V; lin-
32(tm1446) X 
This paper  
GS7883: otIs648[hlh-3-gfp fosmid]; histone-rfp This paper  
GS8008: hlh-3(tm1688) II; ccIs4443[arg-1p::gfp] 
IV; arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V 
This paper  
GS8185: lin-32(tm1446) X; naEx156 This paper  
GS8196: arIs222[lag-2p::2xnls-tagrfp] him-
5(e1490) V; naEx156[apx-1p::gfp] 
This paper  
GS8518: arTi148[hlh-2prox::lin-
32cDNA::sl2::mcherry]; ccIs4443[arg-1p::gfp] IV 
This paper  
GS8605: pha-1(e2123) III; arEx2499[lag-2-gfp 
fosmid] 
This paper  
GS8606: ccIs4443[arg-1p::gfp] IV; arEx2500[hlh-
2prox::hlh-8cDNA::sl2::mcherry] 
This paper  
GS8614: hlh-2(bx108) I; ccIs4443[arg-1p::gfp] IV; 
arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V; hlh-
8(nr2061) X 
This paper  
GS8615: ccIs4443[arg-1p::gfp] IV; arIs222[lag-
2p::2xnls-tagrfp] him-5(e1490) V; hlh-8(nr2061) X 
This paper  
GS8626: him-8(e1489) IV; otIs502[yfp-hlh-2 
fosmid] 
This paper  
GS8627: him-8(e1489) IV; otIs502[yfp-hlh-2 
fosmid]; lin-32(tm1446) X 
This paper  
GS8628: ccIs4443[arg-1p::gfp] IV; arIs222[lag-
2p::2xnls-tagrfp] him-5(e1490) V; arTi22[hlh-
2prox::gfp-his-58] 
This paper  
GS8629: hlh-3(tm1688) II; ccIs4443[arg-1p::gfp] 
IV; arIs222[lag-2p::2xnls-tagrfp] him-5(e1490) V; 
arTi22[hlh-2prox::gfp-his-58] 
This paper  
GS8630: arTi148[hlh-2prox::lin-
32cDNA::sl2::mcherry]; ccIs4443[arg-1p::gfp] IV; 
arEx2500[hlh-2prox::hlh-8cDNA::sl2::mcherry] 
This paper  
GS8631: arIs131[lag-2p::2xnls-yfp] III; him-
8(e1489) IV 
This paper  
N2: + Caenorhabditis 
Genetics Center 
WB Strain: N2 
NF1253: hlh-12(tk68)IV [7]  
OP74: unc-119(ed3) III; wgIs74[hlh-8-gfp fosmid] Caenorhabditis 
Genetics Center 
WB Strain: OP74 













Figure S2.1. bHLH expression screen and time course in regulatory cells. Related to Figure 1.  
We previously found that transgenes expressing GFP translational fusions with Class II bHLH 
proteins are not expressed during anchor cell (AC) development [S1]. For this study, we visually 
screened the same transgenes for expression in the hDTC, LC, and mDTC in all larval stages. 
Expression is denoted by green fill and “+”; blank indicates no expression.  Expression of all Class 
II bHLH genes was examined except hlh-32, for which no translational reporter was available. See 
STAR Methods (“bHLH fosmid expression screen”) for scoring details. Reporters that were 
expressed in the LC, the hDTCs, or the mDTCs in the initial expression screen were scored in 
more detail over the course of larval development. The tables below show the number of GFP(+) 
worms out of the total number scored at each larval stage and for each regulatory cell.  The data 





Figure S2.2. bHLH genes are required in the hDTC for specification and terminal features, 
but not lag-2 expression. Related to Figure 2.  
 
A. We quantified the phenotypes for the candidates identified in the hDTC RNAi screen (see Table 
S1) in the same “sensitized” background GS7535 [nre-1(hd20) lin-15b (hd126)], to sensitize for 
RNAi [S2], and hlh-2(bx108ts), which compromises the ability of HLH-2 to form dimers (Portman 
& Emmons, 2000).  lag-2::tagRFP (arIs222) marked the hDTCs. Treated individuals were scored 
during L4 for defects in gonad arm migration and/or lag-2 expression.  
 
B.  If hlh-2(RNAi) is performed in the L1 stage, the prospective hDTCs are not specified as such 
(Karp & Greenwald, 2004; Chesney et. al, 2009), and therefore lag-2 reporters and other markers 
for hDTCs are not expressed. If RNAi is performed in the L2 stage, the hDTCs are specified 
normally and display the expected defect in outgrowth of the gonad arms, indicating that RNAi is 
effective; however, two different lag-2 reporters are expressed, including a fosmid reporter that 
should contain all essential regulatory sequences, suggesting that hlh-2 is not required for lag-2 
expression in specified hDTCs. Because lag-2 does not depend on hlh-2 for expression in a 
specified hDTC, we were able to use the presence of lag-2 as a marker of a specified hDTC for 
our genetic analyses. The photomicrograph shows representative LAG-2-GFP (arEx2499) fosmid 
expression in a late L3 hermaphrodite treated with hlh-2(L2-RNAi). AC specification failed 
(asterisk) and both hDTCs exhibit leader failure but still clearly express LAG-2-GFP (arrowheads). 
White dotted line outlines gonad, yellow dotted lines outline hDTCs, and scale bar is 10 μm. See 




Figure S2.3. Sexual dimorphism of niche ligands for GLP-1/Notch, insensitivity of mDTCs 
to RNAi, and mDTC specification in a lin-32(0) background. Related to Figure 3.  
 
A. lag-2 has been considered a niche ligand in the mDTCs based on low-level expression of qIs57, 
which contains a 3.3 kb “promoter” fused to gfp (Chesney et al., 2009).  However, qIs57 is not 
expressed in the AC, so the construct from which it was derived is missing regulatory sequences. 
Here, we show that three fosmid-based lag-2 reporters display robust expression in the AC, LC, 
and hDTCs, but not in the mDTCs. Thus, lag-2 may not be a bona fide niche ligand in mDTCs.   
 
B. Two independent lag-2 transcriptional reporters with 7.2kb of 5’ lag-2 sequences driving 
expression of YFP (arIs131) and 2xNLS-Tag-RFP (arIs222), have the same expression as fosmid 
reporters.   
 
C, D. By contrast, reporters for the ligand genes apx-1 and arg-1 are expressed in mDTCs, 




E. mDTCs are refractory to RNAi, even in the sensitized genetic background GS7859 (see Key 
Resources Table, Fig. S2A legend). Males did not show a defect in arg-1 expression in mDTCs, 
even when RNAi in sibling hermaphrodites caused hDTC specification to fail.   
 
F. lin-32(0) mDTCs display strong YFP-HLH-2 (otIs502) expression and have normal shape, size, 
and position within the gonad.  Thus, lin-32 is required for arg-1 expression (Fig. 3B), but not 







Figure S2.4. Gonad primordium formation in reprogramming experiments and 
compromised terminal AC function in LIN-32+HLH-8 “addition” hermaphrodites. Related 
to Figure 4.  
 
A, B. Gonad primordia (outlined in dotted white lines) form normally even when regulatory cells 
are reprogrammed b y altering their bHLH gene complement, suggesting the gonad lineages are 
normal. Scale bars are 10 μm. A: Both WT and hlh-3(0) males (n=20 for each) express lag-
2p::tagrfp in the prospective LC and VDs in the L1 (white arrowheads).  B: The a and b cells are 
marked in WT with hlh-2prox::gfp-his-58 (n=22); in +LIN-32+HLH-8, they are marked by 
mCherry expressed from the hlh-2prox::lin-32::sl2::mcherry and hlh-2prox::hlh-8::sl2::mcherry 
transgenes (n=21).  
 
C, D. Vulval defects. Induction of vulval development and organization of vulval morphogenesis 
are critical functions of the AC. In wild type, 22 vulval cells are present in a stereotypical pattern 
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and position in the L3 stage, prior to hDTC-guided gonad arm reflexion. Vulval development is 
abnormal (delayed or disorganized) when hlh-2prox is used to express both LIN-32 and HLH-8 
ectopically in the AC, as readily apparent when L4 hermaphrodites are scored, and the gonad arms 
have reflexed.  C: “+ (bHLH)” genotypes include ccIs4443[arg-1 p::gfp]. D: Dotted white lines 
outline the gonads; scale bars are 10 μm.  
 
E, F.  Uterine defects.  The AC organizes uterine cell fate and morphogenesis.  The AC fuses to 
the uterine seam cell (utse) in the late L4 stage (arrow).  Utse fusion frequently fails when LIN-32 
and HLH-8 are ectopically expressed in the AC.  Graph shows percent of L4 hermaphrodites with 
normal or failed AC-utse fusion, and F shows representative photomicrographs.  
 
G. This common abnormal vulval morphogenesis defect may reflect failure of AC-utse fusion or 




Table S2.1. Functional screen of bHLH genes for hDTC defects. Related to Figures 1 and 2.   
Genetic background: hlh-2(bx108) sensitizes worms to redundancy of bHLH partners for HLH-2 
& Emmons, 2000), arIs222 (lag-2p::tagrfp; Sallee & Greenwald, 2015) marks the hDTC, and nre-
1(hd20) lin-15b(hd126) sensitizes somatic tissue to RNAi (Schmitz et al., 2007). Defects were 
scored as described in the STAR Methods.  n = 20 for all experiments.  Bold genes are significantly 
different than controls, **p<0.001 by two-tailed 2x3 Fisher’s exact probability test.   Positive 
control:  a leader defect caused by hlh-12(RNAi) [S6]. Negative control:  lacZ(RNAi). 
 
 RNAi  0 DTC 1 DTC 2 DTC 
Neg. control lacZ 0% 5% 95% 
Class II 
cnd-1 0% 0% 100% 
hlh-3 0% 0% 100% 
hlh-4 0% 5% 95% 
hlh-6 0% 0% 100% 
hlh-8 0% 0% 100% 
hlh-10 0% 0% 100% 
hlh-12** 95% 5% 0% 
hlh-13 0% 0% 100% 
hlh-14 0% 0% 100% 
hlh-15 0% 5% 95% 
hlh-16 0% 0% 100% 
hlh-17 0% 0% 100% 
hlh-19 0% 5% 95% 
hlh-31/32 0% 0% 100% 
hnd-1 0% 0% 100% 
lin-32** 45% 40% 15% 
ngn-1 0% 5% 95% 
Class III 
hlh-30 0% 5% 95% 
sbp-1 0% 0% 100% 
Class IV 
mdl-1 0% 5% 95% 
mml-1 0% 10% 90% 
mxl-1 0% 0% 100% 
mxl-2 0% 0% 100% 
mxl-3 0% 0% 100% 
Class VI 
hlh-25 0% 5% 95% 
hlh-26 0% 0% 100% 
hlh-27 0% 5% 95% 
hlh-28 0% 0% 100% 
hlh-29 0% 5% 95% 
lin-22 0% 0% 100% 
ref-1 0% 0% 100% 
Class VII 
aha-1 0% 0% 100% 
ahr-1 0% 0% 100% 
cky-1 0% 0% 100% 
hif-1 0% 5% 95% 
hlh-33 0% 5% 95% 




hlh-1 0% 5% 95% 
hlh-11 0% 5% 95% 




Chapter 3: Further investigations into the bHLH code 
 
Introduction 
In Chapter 2, I used hlh-2prox, a regulatory element that drives specific expression in the 
four cells that initially have the potential to be an AC ("pro-AC"), their parents, and the 
differentiated AC (Sallee and Greenwald, 2015) to express LIN-32 and HLH-8, the mDTC Class 
II code genes, and observed transient reprogramming of the four pro-ACs into mDTCs in the L2 
stage. The pro-ACmDTC transformation occurs despite differences in sex, position, and lineage 
inputs; therefore, I expected to be able to effect pro-AChDTC and pro-ACLC transformations 
in the same manner, as the first transforms between cells that differ in only position and lineage 
and the second transforms between cells that differ in sex only.  
As described in Chapters 1 and 2, cell fate reprogramming can occur in many ways in both 
natural and artificial settings (reviewed in Rothman and Jarriault, 2019). However, one of the most 
important hallmarks for determining if a reprogramming event has taken place is the permanence 
of the adoption of the new cell fate. Notably, there are examples of both natural and artificial full 
and permanent cell fate reprogramming in C. elegans (see Chapter 1.4 for further discussion). In 
Chapter 2, I showed that the effected pro-ACmDTC transformation was strongest in the L2 
stage; while marker expression continued through L4, morphological changes did not, suggesting 
that the cell was losing its adopted mDTC fate over time. Similarly, I found below that adding the 
hDTC or LC bHLH complements to the pro-ACs resulted in a transient change in cell fate, and so 
describe these cases as pro-AC transformations instead of pro-AC reprogramming per se. I discuss 




While I was able to generally effect pro-AChDTC or pro-ACLC transformation in 
accordance with the bHLH code hypothesis, there were some unexpected features with the pro-
ACLC context. An analysis of endogenously-tagged bHLH genes performed by Sarah 
Finkelstein led to a new understanding of the expression patterns of these proteins during the 
specification of each regulatory cell fate, indicating that their expression and function during these 
different cell fate specification events may be more dynamic than our analysis of the fosmid 
reporters in Chapter 2 suggested. In addition, I provide separate genetic evidence for the function 
of LIN-32 in LC fate specification. Taken together, these results suggest that, while it is possible 
to transform the four pro-ACs into any of the non-AC regulatory cell types by expression of the 
appropriate bHLH complement, each context demonstrates unique features which could come 
from different requirements for bHLH expression in the endogenous setting.  
 
Materials and methods 
C. elegans genetics (see Supplemental Figure 1C for simplified marker expression)  
 All strains were grown under standard conditions at 15, 20, or 25°C as previously described 
(Brenner, 1974). Unless stated otherwise, all strains were scored at 25°C. In addition to 5(e1490), 
used to generate self-progeny males, the following alleles and transgenes were used for this study. 
Note that expression is described in terms of the somatic gonad only: 
 arIs51[cdh-3p::gfp] (Karp & Greenwald, 2003) is expressed in the AC after specification 
in late L2 through L3, and later in the developing uterine seam cell in L4.  
 arIs222[lag-2p::2xlns-tagRFP] (M. D. Sallee & Greenwald, 2015) is expressed in all 
somatic gonad regulatory cells except for the mDTCs, as well as P6.p and its descendants. I will 
refer to this marker below as lag-2p::rfp. 
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 qIs90[ceh-22bp::venus] (Lam et al., 2006) expresses in the hDTCs and their sisters, and 
the mDTCs. 
 hlh-12(1080)p (Tamai & Nishiwaki, 2007a), used in arEx2546, arEx2547, and nsIs497 
(this study; Shai Shaham, personal communication), is expressed in the hDTCs and LC beginning 
in L2. arEx2546 and arEx2547 are hlh-12(1080)p::gfp-his-11, and were both made in this study 
from pCT23 (Claudia Tenen, personal communication). nsIs497 is hlh-12(1080)p::venus. nsIs497 
also contains nhr-67(2kb)p::mcherry, which expresses in the AC beginning in L3 and the LC 
competence group and later LC beginning in late L1.  
 arTi112[ckb-3p::mcherry-his-11] (Attner et al., 2019) expresses in the somatic gonad 
beginning in Z1 and Z4, and remains on through at least the primordium stage in all somatic gonad 
cells. 
 bHLH alleles (see Chapter 2): hlh-3(tm1688) and lin-32(tm1446) both contain large 
deletions including the bHLH domain, making them likely null alleles. hlh-2(bx108) is a 
hypomorphic temperature-sensitive allele that has weakened dimerization ability at the restrictive 
temperature (Portman & Emmons, 2000b). 
 bHLH ectopic expression alleles (Sallee, Littleford, & Greenwald, 2017 and this study): 
arTi148 (made from pHL3) expresses LIN-32, arTi275 and arTi276 (pHL19) express HLH-3, and 
arSi45 (pHL53) expresses HLH-12. See below for transgene construction details. 
 bHLH endogenously-tagged alleles: hlh-2(623) is gfp::hlh-2 from Attner et al., 2019. hlh-
3(vlc28) is hlh-3::mNeonGreen from Lloret-Fernández et al., 2018. All other bHLH 
endogenously-tagged alleles are new to this paper. See Supplemental Figure 3.2A for an example 
of their structure. The following new alleles were used: 
 hlh-8(ar644): gfp::hlh-8 
 hlh-12(ar643): gfp::hlh-12 
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 lin-32(ar633): gfp::lin-32 




 Where listed, “hlh-2(prox)” refers to the hlh-2(prox) element described in Sallee and 
Greenwald 2015, used in combination with a regulatory element “S” to increase basal expression 
(Fire et al., 1990). “sl2” is the splicing acceptor sequence from CEOPX036, used here to create a 
bi-cistronic construct (Wei et al., 2012; see also Chapter 2). For fusion PCR, see Hobert, 2002; for 
Gibson assembly, see Gibson et al., 2009. 
 hlh-2(prox)::hlh-3cDNA::sl2::mcherry::unc-54 3’UTR (pHL19): hlh-3 cDNA was made 
by amplifying both hlh-3 exons and fusing them together using fusion PCR. sl2::mcherry::UTR 
was amplified from pMA108 (Michelle Attner, personal communication). Both pieces were fused 
together using fusion PCR and inserted using Gibson assembly into pHL1 (se Chapter 2) digested 
with XmaI/NotI, to create pHL16. The full hlh-3cDNA::sl2::mcherry::unc-54 3’UTR piece was 
amplified from pHL16 and inserted into pHL4 (see Chapter 2) digested with SmaI and NotI, to 
create pHL19. 
 hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2::unc-54 3’UTR (pHL53): hlh-12 cDNA was 
ordered from Genewiz (genewiz.com). hlh-2prox was amplified from pHL4 (see Chapter 2), fused 
together with hlh-12cDNA using fusion PCR, and inserted using Gibson assembly into SmaI/XbaI-
digested pBS SK+ (Mayer, 1995)to create pHL48.  The unc-54 3’UTR was amplified from pHL4. 
2xtagBFP2, hereafter “BFP,” was amplified from pZW109 (Dickinson, Pani, Heppert, Higgins, & 
Goldstein, 2015), with the addition of the first 15bp of the 2xGGGGS linker sequence plus an 
artificial ochre stop codon to allow for better amplification of the repetitive sequence. The two 
pieces were inserted into SmaI/XbaI-digested pBS SK+ (Mayer, 1995) using Gibson Assembly to 
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create pHL50. sl2 was amplified from pHL3 (Chapter 2), and fused together with BFP::unc-54 
3’UTR amplified from pHL50 to create sl2::BFP::unc-54 3’UTR. hlh-2prox::hlh-12cDNA was 
amplified from pHL48. hlh-2prox::hlh-12cDNA and sl2::BFP::unc-54 3’UTR were inserted into 
SpeI/AvrII-digested pZW111 (Dickinson et al., 2015) using Gibson assembly to create pHL53. 
 hlh-2prox::gfp::bHLH constructs for bHLH protein stability: pMS157 is a vector 
containing hlh-2prox::gfp::hlh-8cDNA::unc-54 3’UTR (M. D. Sallee & Greenwald, 2015). PCR 
was used to amplify pMS157 without the hlh-8 cDNA, and to amplify either hlh-3 cDNA (from 
pHL19) or hlh-12 cDNA (from pHL53). The amplified pMS157 fragment was joined with either 
hlh-3 or hlh-12 cDNA using Gibson assembly to form pHL23 (hlh-3) or pHL53 (hlh-12). 
 bHLH CRISPR constructs: Homology repair template constructs were cloned by Sarah 
Finkelstein using the method described in Dickinson et al. 2015, using pDD282 digested with 
ClaI/SpeI for N-terminal tags and with AvrII and SpeI for C-terminal tags. The following plasmids 
were used for repair templates:  
 hlh-8: pHL46 
 hlh-12: pHL45 
 lin-32 N-terminal tag: pHL44 
 lin-32 C-terminal tag: pHL63 
 
 For cloning sgRNAs, I used pJW1285 (Ward, 2014) digested with NdeI and SpeI. I then 
created two PCR fragments designed to replace all of the missing portion of pJW1285, which 
overlapped using our sgRNA of choice and omitted the original sgRNA contained in the plasmid. 
These PCR fragments also included overhangs into the pJW1285 backbone, and I used Gibson 
assembly to fuse the two fragments back into the digested vector. This resulted in a new vector 
identical in sequence to pJW1285, with the exception of the new added sgRNA at the site of the 
original. The following sgRNA vectors were used: 
 hlh-8: pHL37 (5’), pHL39 (3’) 
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 hlh-12: pHL33 (5’), pHL34 (3’) 
 lin-32 N-terminal tag: pHL28 (5’), pHL30 (3’) 




Generation of transgenes 
 
 All plasmids for injection were either ethanol precipitated or cleaned using the PureLinkTM 
Quick Plasmid Miniprep Kit (ThermoFisher). 
 Endogenously-tagged bHLH alleles: Endogenously-tagged bHLH alleles were generated 
in collaboration with Sarah Finkelstein using the SEC protocol (Dickinson et al., 2015), with a few 
modifications. In general, worms were injected with two separate sgRNAs, each at 25ng/µL, and 
the repair template at 50ng/µL. Injection mixes also contained pGH8 and pCF90, each at 10ng/µL. 
P0s were treated with 400 µL 5mg/mL hygromycin (Invivogen) three days after injection. 
Approximately 100 L1 from plates with homozygous dark rollers were heat-shocked at 34°C for 
four hours, and lines were established from single non-rolling L4 progeny of heat-shocked parents. 
See the previous section for plasmids used. 
 miniMos lines: worms were injected following the standard protocol (Frøkjær-Jensen et 
al., 2014a)with the following modifications: pCFJ104 was not used, and pCFJ601 was injected at 
65ng/µL. Injected P0 were placed at 25°C, and treated with either 500 µL 25mg/mL G418 
(GoldBio) or 400 µL 5mg/mL hygromycin three days after injection. Lines were established from 
single animals surviving heat-shock at 34°C for two hours.  
 bHLH protein stability arrays: arrays were injected into pha-1(e2123), with the hlh-
2prox::bHLHcDNA at 1ng/µl, ScaI-digested pBX at 1ng/µL, ScaI-digested pCW2.1 at 1ng/µL, 
and PvuII-digested N2 gDNA at 50ng/µL (following methods from Sallee & Greenwald, 2015). 
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Injected P0 were left at 15°C for 3-4 days and then transferred to 25°C. Lines were isolated from 
single array-carrying F1s. 
hlh-12(1080)p::gfp arrays: to rescue wild-type vulval development and generate a larger 
brood size, strains were treated with RNAi targeting hlh-12 as described below before scoring. 
Worms were plated as embryos and left on RNAi for approximately two days, and checked quickly 
with either scope (“General scoring information,” below) to confirm WT vulva formation before 
injection. Worms were injected with 2ng/µL ScaI-digested pCT23, 20ng/µL pGH8 (Frøkjær-
Jensen et al., 2014), and 50ng/µL PvuII-digested N2 genomic DNA. Lines were established from 
single array-carrying F1. 
 
General scoring information 
 Unless otherwise noted, I synchronized worms for scoring and raised them at 25°C. To 
synchronize worm age, we used either egg lays or egg preps. For egg lays, approximately 40 adult 
hermaphrodites were placed on a seeded plate and allowed to lay eggs for 1-2 hours at 25°C before 
being removed. For egg preps, worm embryos were collected by treating gravid hermaphrodites 
with a solution of bleach and sodium hydroxide until bursting. Embryos were then washed with 
water or M9 and either transferred directly to seeded plates, or left in M9 on a nutator for 24 hours 
at room temperature to reach L1 arrest before plating.  
 We used three different microscopes in this chapter. The bulk was scored with either Zeiss 
Axio Imager D1 microscope with either a 40x or 63x PlanNeo objective and a Zeiss AxioCam 
MRm camera (“right scope”), or a Zeiss Axio Imager Z1 microscope with either a 40x or 63x 
PlanNeo objective and a Hamamatsu Orca-ER camera. In addition, we used a spinning disk 
confocal microscope (Carl Zeiss) with a 40x, 63x, or 200x PlanApo objective. 
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Scoring of endogenously-tagged bHLH alleles 
 Worms were synchronized using an egg lay, and scored 14-26 hours (late L1-L2) or 38-32 
hours (L3) after adult hermaphrodite removal. All worms were scored using the confocal, with the 
488m laser at 46.7% power and at 63x. Either ckb-3p::mcherry-his-11 or lag-2p::rfp were used to 
identify somatic gonad regulatory cells, and lag-2p::rfp was used to stage worms precisely. The 
following exposure times were used: 
 hlh-2: 550ms exposure  
hlh-3: 550ms exposure  
 hlh-8: 550ms exposure  
 hlh-12: 500ms exposure  
 lin-32 N-terminal tag: 1050ms exposure  




RNA interference treatment 
 RNAi was conducted by raising worms on feeding bacteria containing the appropriate 
clone at 25°C until the desired stage. All RNAi clones used came from the Ahringer library 
(Kamath et al. 2003), transformed into HT115 bacteria for feeding, and RNAi targeting lacZ was 
used as a negative control. RNAi cultures were grown in 2xYT or LB media with 50µg/mL 
carbenicillin at 37°C overnight, and 70µL of each culture was added to room-temperature NGM 
plates with added 6uM IPTG and 100uM carbenicillin (hereafter referred to as RNAi plates). Plates 
were allowed to dry for a minimum of two hours or up to overnight at room temperature before 
worms were added. 
 For LC cdh-3p::gfp scoring: worms were plated on to RNAi after L1 arrest and scored 18-
20 hours after plating for late L2, or 26-30 hours after plating for late L3, using the right scope 
with the 63x objective. As most genetic backgrounds and RNAi conditions in this experiment 
cause gonad migration defects that prohibit staging animals precisely, animal age was determined 
80 
 
by the number of hours raised on RNAi post-arrest, and worms were confirmed to be at least post-
mid-L2 by confirming arIs51 expression in the AC. In addition, hermaphrodites were scored for 
appropriate hDTC defects caused by successful RNAi treatment: migration defects caused by hlh-
12 RNAi against animals with WT lin-32, and loss of migration and lag-2p::rfp expression caused 
by hlh-12 RNAi against animals with lin-32(0) (see Figure 2.2). Due to the lack of migration in 
hlh-3(0) LCs, lag-2p::rfp expression was used to identify the proximal regulatory cell in the male 
gonad. cdh-3p::gfp was scored as “ON” if GFP expression was visible in the RFP+ cell at 250ms 
exposure, at which exposure expression can be seen in 100% of ACs beginning in late L2. 
 
Pro-ACother regulatory cell marker and morphology scoring 
 For scoring both marker expression and morphology changes, worms were evaluated at 
two stages. “Late L2” is equivalent to 26-28 hours post egg prep, and “late L3” is equivalent to 
32-34 hours post egg prep at 25°C. Markers were considered “ON” at the following exposures: 
 qIs90: 800 ms, left scope (63x) or 50% power and 120ms, confocal (63x). 
 arIs51: 250ms, left and right scopes (63x). 
hlh-12(1080)p arrays: 250ms, right scope (63x). 
 
Morphologies were scored on the confocal (pro-AChDTC) or the left scope (pro-
ACLC). For pro-AChTDTC, morphology was considered “hDTC-like” if the cells featured 
flat cell bodies and long projections towards the germline. Morphology was scored using 
fluorescence from the prox::lin-32::sl2::mcherry transgene, imaged at 40% and 200ms. For pro-
ACLC, morphology was considered “LC-like” if the nucleus was round and featured a small 




bHLH protein stability scoring 
 HLH-3::GFP and HLH-12::GFP array lines were scored using the right scope. Worms were 
synchronized using egg preps and grown at 25°C, and scored after 30 hours. GFP expression was 
considered “ON” at 250ms.   
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Table 3.1. Key resources table 
Reagent  Source 
GS8958: arIs51; arIs222 him-5(e1490) This paper 
GS8957: hlh-3(tm1688); arIs51; arIs222 him-5(e1490) This paper 
GS8959: arIs51; arIs222 him-5(e1490); lin-32(tm1446) This paper 
GS8991: hlh-3(tm1688); arIs51; arIs222 him-5(e1490); lin-
32(tm1446) 
This paper 
OS8909: nsIs497; unc-119(ed3); him-5(e1490) Shai Shaham, pers. comm 
GS9309: arSi45; qIs90; arTi148; arIs222 him-5(e1490) This paper 
GS9148: arSi45; arTi148; arIs222 him-5(e1490) This paper 
GS9546: arSi45; arTi148; arIs222 him-5(e1490); arEx2546[hlh-
12(1080)p::gfp] 
This paper 
GS9167: arSi45; arTi275; arTi148; arIs222 him-5(e1490) This paper 
GS9547: arSi45; arTi275; arTi148; arIs222 him-5(e1490), 
arEx2547[hlh-12(1080)p::gfp] 
This paper 
GS9149: arSi45; arTi275; arIs222 him-5 This paper 
GS9095: arTi276; arIs51 This paper 
GS9109: arIs51; arTi148 This paper 
GS8952: arTi275 This paper 
GS8518: arTi148; ccIs4443 Sallee et al., 2017 
GS9467: arIs222 him-5(e1490); lin-32(ar642) This paper 
GS9474: hlh-2(ar623); arTi112 him-5(e1490) This paper 
GS9475: arTi112 him-5(e1490); lin-32(ar642) This paper 
GS9476: arTi112 him-5(e1490); lin-32(ar633) This paper 
GS9477: hlh-3(vlc28); arTi112 him-5(e1490) This paper 
GS9478: hlh-12(ar643); arTi112 him-5(e1490) This paper 
GS9479: arTi112 him-5(e1490); hlh-8(ar644) This paper 
GS3440: pha-1(e2123) Karp & Greenwald, 2003 
GS9548: pha-1(e2123); arEx2548[hlh-2prox::gfp::hlh-3] This paper 
GS9549: pha-1(e2123); arEx2549[hlh-2prox::gfp::hlh-3] This paper 
GS9550: pha-1(e2123); arEx2550[hlh-2prox::gfp::hlh-3 This paper 
GS9551: pha-1(e2123); arEx2551[hlh-2prox::gfp::hlh-12] This paper 





Results and Discussion 
Experimental strategy: ectopic expression and stability of bHLH proteins in cells with AC potential 
In this chapter, all transgenes were generated as single-copy insertion transgenes using 
either a miniMos transposon backbone or via CRISPR into a designated landing site on LGI (ref) 
and in the form of an artificial bicistronic operon as hlh-2prox::bhlh::sl2acc::FP, where “sl2acc” 
represents the intergenic region trans-splicing acceptor region from CEOPX036 and FP represents 
a fluorescent protein, either mCherry or 2xtagBFP2 (Figure 3.1A).  The single copy insertion 
transgenes mitigated against overexpression, although the expression level driven by hlh-2prox 
appears to be lower than the expression of endogenous HLH-2 and the expression level of 
endogenous bhlh genes described below. The bi-cistronic design enabled me to visualize transgene 
expression while allowing for the bHLH proteins themselves to remain untagged, ensuring their 
proper function. 
 In WT animals, four cells are initially born with the potential to become the AC; over time, 
the two outer cells (β cells) specify as VUs, while the two inner cells (the α cells) undergo the LIN-
12/Notch-mediated AC/VU decision (see Chapter 1). The four cells that have the potential to be 
the AC are termed "pro-ACs" by analogy with "proneural" (Karp and Greenwald 2004. While all 
four pro-ACs are born expressing HLH-2, protein expression is soon restricted to the α cells as 
they undergo the AC/VU decision, and then to the AC after AC specification (Attner et al., 2019). 
HLH-2 stability is restricted to the AC via proteasome-dependent degradation of HLH-2 dimers in 
the presumptive VUs (M. D. Sallee & Greenwald, 2015). Maria Sallee also found that some 
ectopically-expressed Class II proteins are degraded in the presumptive VUs, like HLH-2, while 
others are stable: for example, when LIN-32 is expressed using hlh-2prox the protein is only stable 
in the AC, while HLH-8 expressed in the same way is stable in the AC and VUs (M. D. Sallee & 
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Greenwald, 2015). Importantly, mutation of a residue required for dimerization of LIN-32 with 
HLH-2 prevented its downregulation outside the AC, suggesting that LIN-32 and potentially other 
Class II bHLH proteins can also be degraded in a dimerization-dependent manner in this context 
(M. D. Sallee & Greenwald, 2015). 
This difference in stability can explain an interesting phenotype I saw with my pro-
ACmDTC transformation (see Figure 2.4B). Addition of HLH-8 alone results in expression of 
the HLH-8:HLH-2 heterodimer target arg-1p::gfp in a single cell with WT AC morphology, thus 
presumed to be the AC; the lack of arg-1p::gfp outside the AC suggested that HLH-2 was not 
stabilized in those cells by the addition of HLH-8. Addition of HLH-8+LIN-32 resulted in all four 
cells with AC potential expressing arg-1p::gfp and adopting mDTC-like morphology. This latter 
result can only be explained by stability of HLH2, HLH-8, and LIN-32 in all four cells, as we 
presume their activity leads directly to the transformation; as HLH-2 and LIN-32 are not stable 
outside the AC in WT animals, this means that they must be somehow stabilized in this 
background. One explanation is that HLH-8, which is stable in all four cells, is somehow able to 
stabilize HLH-2 and LIN-32 when combined with LIN-32, possibly by activating targets that block 
the dimerization-dependent degradation mechanism discovered by Maria Sallee. Sallee and 
Greenwald (2015) evaluated the stabilization of LIN-32 and HLH-8 in the AC and VUs. I found 
that GFP-HLH-3 was stable in only one cell, while GFP-HLH-12 was stable in up to four cells 
(Figure 3.2B). This raises the possibility that HLH-12:HLH-2 heterodimers may also be able to 
somehow stabilize HLH-2 and the other bHLH code genes when co-expressed with other members 
of the code, as HLH-8 appears to be doing in the pro-ACmDTC transformation context, and 
thus the possibility that I may see more than one cell transformed with the addition of the hDTC 
or LC code to the pro-ACs.  
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I also assessed the individual hlh-2prox::bhlh transgenes for any changes in marker 
expression or AC function, which could indicate a change in the fate of cells with AC potential 
even if they do not possess the full bHLH complement of other regulatory cell types. Addition of 
the single bHLH code genes did not result in loss of the AC marker cdh-3p::gfp or cause any AC 
abnormalities (see Figure S3.1A, B, and Figure 4.4 for HLH-12 data). 
 
pro-AChDTC transformation by expression of the hDTC code genes HLH-12 and LIN-32  
I used hlh-2prox to express HLH-12 and LIN-32, the bHLH code for the hDTCs, in pro-
ACs using the strategy outlined above, and assessed transformation by examining marker 
expression and morphological changes.  As we do not have a single marker that distinguishes 
hDTCs from other gonadal regulatory cell types, I scored multiple markers to confirm that I was 
achieving transformation into an hDTC (Figure S3.1C). I inferred transformation to hDTC identity 
from expression of the reporter qIs90[ceh-22b::venus], which marks hDTCs and mDTCs, and hlh-
12(1080p)::gfp, which marks the hDTCs and LC (Figure S3.1C, Lam et al., 2006; Tamai & 
Nishiwaki, 2007). While I note that we believe hlh-12(1080)p::gfp expression might be turned on 
from an autoregulatory loop driven by addition of HLH-12 alone (see below), this combination of 
markers still suggested a pro-AChDTC transformation. 
 In the L2 stage, when the AC/VU decision occurs, ceh-22bp::venus expression was 
observed in about 50% of hermaphrodites, most commonly in two adjacent proximal gonad cells 
(Figure 3.2A, top panel). This pattern suggests that the two α cells, which retain pro-AC potential 
and hlh-2prox expression for a longer time than the two β cells (M. D. Sallee & Greenwald, 2015), 
were transformed into hDTC-like cells. As ceh-22bp::venus expresses in both hDTCs and mDTCs, 
I confirmed transformation to hDTC-like fate with the marker hlh-12(1080)p::gfp (Figure 3.2A, 
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top; Figure S3.1C).  I also saw morphological changes consistent with hDTC reprogramming: 
namely, flat cell bodies with long projections reaching towards the germline (Figure 3.2B). In 
addition, there was a significant correlation between ceh-22bp::venus marker expression and 
hDTC-like morphology, supporting the inference that these cells were transformed (Figure 3.2C). 
 As with the pro-ACmDTC transformation effected by co-expression of HLH-8+LIN-32, 
transformation to hDTC fate caused by addition of HLH-12+LIN-32 is transient. By late L3, the 
proportion of individuals displaying ceh-22bp::venus marker expression in the proximal gonad is 
lessened (Figure 3.3A, bottom), and proximal gonadal cells do not display hDTC-like projections, 
although they do not look like normal ACs (Figure 3.3B). In contrast, when both LIN-32 and HLH-
12 are expressed, the hlh-12(1080)p::gfp marker expression does not become apparent in the 
proximal gonad until the L3 stage (Figure 3.3B). Normally, this marker is expressed in specified 
hDTCs (and the LC), and endogenous HLH-12 is normally visible only after the hDTC is 
committed (Figure 3.4). Loss-of-function analysis is the principal basis for inferring that hlh-12 
contributes to hDTC specification: concomitant loss of hlh-12 and lin-32 led to apparent hDTC 
specification failure in ~50% of animals, as determined by both lag-2p::rfp and hlh-2(fosmid)::gfp 
expression (see Chapter 2, Figure 2.2D). Expression of hlh-12 alone does not cause a cell fate 
transformation, although it does activate a program that allows the AC to move (Chapter 4), and 
hlh-2prox expresses through L3 (M. D. Sallee & Greenwald, 2015). These results would be 
consistent with positive autoregulation of hlh-12 transcription initiated by the hlh-2prox::hlh-12 
transgene; expression of the endogenously-tagged gfp::hlh-12 allele in the +HLH-12 AC would 
further support this hypothesis.    
 Addition of the full hDTC code to the pro-ACs appears to result in transformation in 
accordance with the code, based on both morphology and marker expression; the fact that marker 
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expression and morphological changes coincide makes a particularly strong case for 
transformation (Figure 3.3C). However, even in L2 I only see transformation in approximately 
50% of the animals, and mostly commonly in only 2 cells despite the expected stability of HLH-
12 in up to four cells (Figure 3.1B). This is in direct contrast to the pro-ACmDTC context 
described earlier where I saw transformation in ~100% of animals and commonly in four cells, 
consistent with the stability expected of HLH-8 (Chapter 2). One explanation for this disparity is 
the fact that I drove HLH-8 in the pro-ACmDTC context from a multi-copy extrachromosomal 
array, whereas here HLH-12 is driven from a single-copy integrated transgene: as hlh-2prox 
expression is weaker in the βs than the alphas, higher expression overall from the multi-copy 
+HLH-8 array was likely sufficient for transformation while lower expression from the single-
copy +HLH-12 transgene was not. However, the transience of the transformation even in the pro-
ACmDTC context suggests the existence of barriers that are preventing the permanent 
reprogramming of the pro-ACs, which I will discuss in Chapter 5.  
 
Late onset of LC-like features suggests transformation of the committed AC by expression of the 
LC code HLH-3+HLH-12+LIN-32, and possibly by subsets of this code 
 I used hlh-2prox to express HLH-3, HLH-12, and LIN-32, the bHLH code for the hDTCs, 
in pro-ACs. As with the hDTC, we had no marker that expressed only in the LC in the somatic 
gonad. The most common marker used to identify the LC is lag-2p, which also expresses in the 
AC (Chesney et al., 2009; Kato & Sternberg, 2009; Schwarz et al., 2012); I also evaluated nhr-
67(2kb)p::mcherry (Shai Shaham, personal communication), and found that it too was expressed 
in the AC, precluding me from using it for our purposes. I therefore used hlh-12(1080)p, which is 
normally expressed in hDTCs and LCs, combined with morphological criteria to evaluate 
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transformation into LCs. The important caveat here is that we expect hlh-12(1080)p to have 
autoregulation, making its expression evidence of HLH-12 activity and not a fate transformation 
per se; however, in the absence of more LC-specific markers, I used it to determine if the cells 
were at least adopting some character consistent with LC fate. 
 Surprisingly, I did not observe any expression of hlh-12(1080)p::gfp expression or 
morphological alteration in the L2 stage (Figure 3.3A). However, by the late L3 stage, I found the 
marker was expressed in a single cell in the central, proximal region of the gonad in almost all 
hermaphrodites (Figure 3.3A), suggesting that the AC itself was taking on LC character. 
Furthermore, I was able to effect morphological transformation in these animals, with 8/20 L3 
hermaphrodites having a single proximal gonad cell with LC-like morphology as assessed by 
Nomarski (Figure 3.3B). The fact that I see morphology changes in only a single cell suggests that 
in this context the AC itself is transformed into an LC, in contrast to the pro-ACDTC contexts 
where the transformation happened before the cells acquired AC fate. 
 In addition, I saw LC-like morphology at around 10% penetrance in animals with only a 
subset of the LC code: either HLH-3+HLH-12, or HLH-12+LIN-32, again in only a single cell 
(Figure 3.3C). Importantly, I have not assessed hlh-12(1080)p::gfp in these backgrounds, and as 
we expect that hlh-12(1080)p::gfp may only require HLH-12 to turn on its expression in these 
backgrounds would not be conclusive anyway. However, based on the changes in morphology, 
these transformations suggest that the code heterodimers have some functional redundancy for LC 
specification, consistent with how we expect they are behaving in hDTC specification. While the 
presence of HLH-12 is common to both subsets, the morphology of +HLH-12 cells does not 
resemble either a WT LC or the cells transformed by these subsets, suggesting that HLH-12 must 
be combined with another LC bHLH code gene in order for the transformation to happen (Figure 
89 
 
3C). In addition, HLH-12+LIN-32 is the full hDTC code, which raises the question of whether 
these cells had transformed initially into hDTCs and from there into LCs, or whether these LC-
like cells come from the subset of animals where I never see any transformation into hDTCs 
(Figure 3.2).  
 As with the pro-ACDTC transformations, I find that the ACLC transformation is 
transient. However, in this instance, the timing appears to be opposite: instead of being strong in 
late L2 and lessening by late L3, the morphological changes in the ACLC reprogramming event 
do not occur before late L3 (Figure 3.3B). This is also true for the low penetrance of LC-like 
morphologies seen in animals with a subset of the LC (Figure 3.3C, data not shown). This change 
in timing suggests that there are fundamental differences in the mechanisms by which bHLH 
proteins promote LC fate transformation and transformation into either of the DTC types, and that 
transformation into an LC is delayed, takes longer than transformation into a DTC, or both. 
 My analysis of the ACLC transformation and potential redundancy in the LC code was 
hampered by my lack of LC-specific markers. Unfortunately, I have found that markers expressed 
in the LC tend to be expressed as well in either the hDTC or the AC, likely due to the overlapping 
leader functions or proximal origin of the cell types (see Figure S3.1C for marker expression). A 
transcriptomics study of L4 LCs revealed several candidates for LC-specific markers (Schwarz et 
al., 2012); however, I could not see expression of fosmids for two of these genes, srsx-18 and smc-
4, in the LC (data not shown). In addition, we do not know if the LC-like cells I see in L4 resemble 
WT LCs shortly after their birth or WT L4 ACs; as this transcriptomics study looked only at L4 
ACs, their candidate genes might not be expressed in my transformed cells. Future transcriptomics 
studies of earlier LCs might reveal markers that would be more useful for my purposes. 
 For a discussion of potential barriers to full reprogramming in this context, see Chapter 5.  
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Expression of endogenous bHLH genes: differences from fosmid reporters 
I collaborated with Sarah Finkelstein in making three N-terminally tagged GFP knock-in 
alleles: GFP::LIN-32 [allele lin-32(ar633)], GFP::HLH-12 [allele hlh-12(ar643)], and GFP::HLH-
8 [allele hlh-8(ar644)], and in addition obtained HLH-3::mNG [allele hlh-3(vlc28)] from Nuria 
Flames (Lloret-Fernández et al., 2018). All homozygotes and heterozygotes carrying these alleles 
are phenotypically wild-type, indicating that they do not significantly compromise gene function. 
Sarah Finkelstein analyzed the endogenous expression pattern of these proteins, and found some 
differences from the expression of the fosmid transgenes characterized previously (Figure 3.4, see 
Chapter 2).    
 One difference is in the expression of timing of LIN-32 and HLH-3. Fosmid reporters for 
both of these genes show their expression beginning in the specifying regulatory cells themselves, 
and not earlier (see Chapter 2, Figure S32.1). However, Sarah found that endogenously-tagged 
GFP::LIN-32 and HLH-3::mNG are visible earlier in the somatic gonad lineage, before the birth 
of the regulatory cells they specify: GFP::LIN-32 expression begins in the hDTC parents, and 
HLH-3::mNG expression begins in the grandparents of both potential LC lineages (Figure 3.4). 
This observation suggests that the inputs into bHLH code gene expression may not be in the 
somatic gonadal regulatory cells themselves, but rather their parent or grandparent cell.     
 The second difference is that, while in most cases the endogenous CRISPR tags of bHLH 
factors were seen in the regulatory cells predicted by the earlier fosmid expression analysis, neither 
Sarah nor I could not detect GFP::LIN-32 expression in the LC or its parent lineages before, during, 
or after the time of somatic gonad primordium formation (Figure 3.4). As the lin-32 fosmid 
analyzed in Chapter 2 has a C-terminal tag (Figure S3.2A), Sarah then examined a C-terminally-
tagged LIN-32::GFP [allele lin-32(ar642)], and similarly was not able to detect its expression in 
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the LC or its parent lineages even at the timepoint in L3 with clear LIN-32::GFP expression from 
the fosmid (see Figure S3.2B). In the next section, I describe genetic evidence that lin-32 is 
relevant to LC specification. 
 
Genetic evidence that lin-32 activity influences LC development 
  There are several explanations for the apparent lack of GFP::LIN-32 expression in the LC 
according to our endogenously-tagged alleles. Firstly, there are differences between the lin-32::gfp 
allele and the fosmid, including sequence, transgene type, genomic locus, and copy number (Figure 
S3.2A); in particular, the single-copy endogenously-tagged lines might be expressing GFP::LIN-
32 at levels too low to see on our scope. However, there is also the possibility that the fosmid 
might be expressing erroneously in the LC due to its higher copy number, potentially missing 
regulatory elements, insertion site, or the structure of the tag itself (for example, our tag contains 
a TEV site, while the fosmid tag has a 2xT1 element but no TEV site), and that our endogenously-
tagged lines thus reflect a true lack of LIN-32 expression in the LC.  
 As an alternative approach to determine if LIN-32 is required for specification of the LC, 
I turned to genetics. As shown in Chapter 2, lin-32(0) animals have no defects in leader function 
in either males or hermaphrodites. The extension of the gonad posteriorly suggests that LIN-32 is 
not required for LC specification, and we could not assess the connection to the cloaca by the 
ability to sire progeny because males do not mate, possibly due to their abnormal tails (Portman & 
Emmons, 2000b). However, as discussed in Chapter 2, loss of both HLH-12 and LIN-32 leads to 
apparent loss of hDTC specification as assessed by both outgrowth failure and lack of HLH-2 and 




 In principle, functional redundancy with lin-32 could be provided by hlh-12, hlh-3, or both. 
hlh-12(0) alone has abnormal leader function, but no specification defect of either hDTCs or LCs. 
hlh-3(0) is completely defective in LC leader function and the male proximal gonad regulatory 
cell  expresses hlh-2prox, a marker of AC potential (Figure 2.4A), but not cdh-3p::gfp, a marker 
of differentiated AC fate (see photomicrographs in Figure 3.5), suggesting that loss of hlh-3 may 
give the prospective LC the potential to adopt an AC fate but does not cause a full transformation 
into an AC. This raises the possibility that removal of further bHLH code genes from the LC, in 
particular lin-32, might further its conversion into a full AC. 
 To determine if there is a synthetic requirement for LIN-32 in LC specification, I assessed 
males for expression of the AC-specific marker cdh-3p::gfp  in the proximal regulatory cell in 
different bHLH knockdown backgrounds (Figure 3.5, Figure S3.1C). I found that around 20% of 
hlh-3(0); lin-32(0) animals expressed cdh-3p::gfp in the male proximal regulatory cells, and that 
the phenotype became significantly more penetrant with added RNAi against  hlh-12 (Figure 3.5). 
I did not see cdh-3p::gfp expression in the male proximal gonad cell in the hlh-3(0) background 
with control lacZ RNAi, confirming our previous findings; I also saw no cdh-3p::gfp expression 
in hlh-3(0); hlh-12(RNAi) or lin-32(0); hlh-12(RNAi) males; suggesting that the loss of both HLH-
3 and LIN-32 is necessary to transform the erstwhile LC into an AC instead. As I have only done 
two RNAi trials to date, a third is necessary to confirm if the apparent difference between hlh-
3(0); lin-32(0) and hlh-3(0); lin-32(0); hlh-12RNAi is significant, as it appears currently. 
However, while I cannot determine if this is a cell-autonomous effect with this approach, and thus 
if the LC itself expresses LIN-32, these preliminary results are consistent with a genetic 
requirement for LIN-32 in LC specification. 
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  In WT hermaphrodites, cdh-3p::gfp expression begins in the AC shortly after its 
specification, and is clearly visible by late L2. Interestingly, expression in the hlh-3(0); lin-32(0) 
or hlh-3(0); lin-32(0); hlh-12(RNAi) LCs only became evident in mid-late L3, a full larval stage 
later than in their sister hermaphrodites (Figure 3.6A, hermaphrodite data not shown). This later 
expression pattern indicates that, although the LC takes on AC character, its initial specification 
has not been altered, further suggesting LIN-32 is not required in the somatic primordium for LC 
specification. This also forms an interesting parallel to the pro-ACLC transformations discussed 
above, where transformation was only seen in late L3 as opposed to both pro-ACDTC 
transformations seen clearly in L2, and suggests an inbuilt delay in switching between AC and LC 
fates, possibly due to the cells initially specifying as the endogenous cell type before the fate is 
altered. 
Additional evidence against a role for lin-32 in LC specification at the time of somatic 
primordium formation comes from the observation that hlh-2(bx108); lin-32(0) males have LCs 
(Figure 3.6B). hlh-2(bx108) is a hypomorphic allele that interferes with HLH-2 dimerization, and 
provides a sensitized background for loss of Class II gene activity (Portman and Emmons). For 
example, we performed an RNAi screen against bHLH genes in the hlh-2(bx108) background, and 
found that both hlh-12(RNAi) and lin-32(RNAi) showed phenotypes (see Chapter 2). The hlh-
2(bx108); lin-32(0) LCs migrate, though they do show defective migration also seen in hlh-
2(bx108) alone (data not shown); the fact that they do migrate overall suggests that lin-32 is not 
required for LC specification in the somatic primordium, as if it were I would expect to see some 
failure to specify in this background. However, our results suggest that the loss of both hlh-3 and 
lin-32 can lead to the male proximal regulatory cell becoming a differentiated AC instead of an 
LC, albeit later in development than specification of the WT LC or AC. 
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In the pro-ACother transformation contexts, I assessed transformation based on both 
marker expression and morphological changes. As the male proximal cells are displaced within 
the gonad both anteriorly and laterally in hlh-3(0) animals, likely due to the retained germline 
proliferation from the WT mDTCs (see Figure 2.3A), comparison of morphology to either a WT 
LC or AC is quite difficult. I found overall that the cdh-3p expressing cell was quite angular, more 
characteristic of an AC than the typically large and round LC (Figure 3.5), but due to the different 
placement and surrounding tissues I was unable to confidently assess whether the morphology was 
fully reminiscent of a WT AC. 
 In addition to morphology changes and marker expression, I would expect a WT AC to be 
able to induce VPC fate. The male hypodermal cells P3.p-P8.p have retained the competence to 
respond to EGFR signaling and form vulvas, and in several genetic backgrounds where otherwise 
male animals have ACs the males will form pseudovulvae from these hypodermal cells. For 
example, the forkhead box gene fkh-6 is required for proper specification of the male proximal 
gonad (Chang et al., 2004; Sarah Finkelstein, personal communication). fkh-6(0) males have an 
AC instead of an LC ~97% of the time, as assessed by cdh-3p expression, and ~25% of fkh-6(0) 
males form pseudovulvae (Chang et al., 2004). In contrast, I did not see any pseudovulvae with 
my bHLH knockdowns (n>50 for each genotype and treatment condition).  
 There are a few different explanations for this lack of pseudovulvae. The first interpretation 
is that the “AC” in these animals does not secrete LIN-3/EGF to induce vulval fates in the male 
hypodermal cells, or that they do secrete LIN-3/EGF but are located too far away from the male 
hypodermal cells for the signal to induce their fate. However, another explanation for the lack of 
pseudovulvae is that the “ACs” specify too late. I find that the bHLH(-) cells only begin to express 
cdh-3p in L3 (Figure 3.6A). In WT males, the Pn.p cells either fuse with the hypodermis in late 
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L1 or late L3, except for those that go on to form the specialized male hook structures (Emmons, 
2005). If the bHLH(-) cells are able to secrete LIN-3/EGF, they are likely doing it around the time 
that the hypodermal cells are fusing, meaning that the cells that would form a pseudovulva in this 
context are simply no longer there. An easy way to test this hypothesis would be to score 
expression of a lin-3/EGF marker such as the AC-specific promoter lin-3ACEL (Deng et al., 2020; 
Hwang & Sternberg, 2004), possibly in conjunction with a hypodermal cell marker to judge when 
the male hypodermal cells have fused with regard to potential LIN-3 expression onset. Using this 
combination of markers would both further confirm that the bHLH(-) cells have acquired AC fate 
and support the hypothesis that these cells have indeed become functional ACs, but possibly at the 
wrong time or in the wrong place to induce pseudovulvae.   
 
Conclusion 
 In Chapter 2, I effected pro-ACmDTC transformation by adding the appropriate bHLH 
code genes to the pro-ACs. Here, I show that transformation to the other regulatory cell types is 
possible using this same method, though with some unexpected differences. The pro-AChDTC 
transformation is transient and most apparent in the L2 stage, consistent with my findings from the 
pro-ACmDTC transformation. However, the pro-ACLC transformation instead appears to be 
an ACLC transformation, as only a single cell appears to take on LC characteristics, and at a 
much later stage in development. In addition, examining the expression of endogenously-tagged 
bHLH alleles raised questions about the role of lin-32 that was only partially answered by further 
genetic analysis. These experiments when combined with the pro-ACmDTC transformation 
shown in Chapter 2 suggest both that the bHLH code is capable of effecting transformation of the 
pro-ACs to all other regulatory cell types, and that there are some barriers preventing permanent 
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reprogramming of the pro-ACs; in addition, the bHLH genes may be functioning in a different 
manner to promote LC fate than for promoting DTC fate, a hypothesis supported by the new 
information about the endogenous expression patterns of bHLH genes in each cellular context. I 















Figure 3.1. bHLH ectopic expression constructs and bHLH stability in the WT proximal 
gonad.  
 
A. Cartoon schematic of bHLH ectopic expression constructs. All constructs were driven by hlh-
2prox + synthetic intron “S” commonly used to boost expression level in C. elegans constructs 
(see Materials and Methods). The fluorescent tag for +LIN-32, +HLH-3, and +HLH-8 was 
mCherry, and for +HLH-12 was 2xtagBFP2. SL2 and unc-54 3’UTR sequences were the same for 
each construct. +LIN-32 and +HLH-3 constructs inserted into the genome using the miniMos 
transposon backbone, and +HLH-12 construct was inserted using the LGI CRISPR site backbone. 
 
B. Stability of bHLH proteins in the proximal gonad of otherwise wild-type animals. Each bar 
represents a transgenic line carrying an individual extrachromosomal array. Note: LIN-32 and 
HLH-8 line data come from Maria Sallee (Sallee and Greenwald, 2015); lines for HLH-3 and 
HLH-12 were generated using her transgene conditions (see Materials and Methods for more 
details). n = 20-25 for each line scored (HLH-3 and HLH-12); n = 20 for each line scored (LIN-
32 and HLH-8).  
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Figure 3.2. pro-AChDTC transformation.  
 
A. Marker expression in pro-AChDTC animals in late L2 (top) and late L3 (bottom). n = 20-22 
for each genotype. *p<0.05, **p<0.01, ***p<0.001, Fisher’s Exact T Test. 
  
B. Morphology changes in late L2 (top) and late L3 (bottom). Red arrows indicate projections; 
yellow arrows indicate cell bodies (top middle panel). n reflects animals showing projections. Top 
and bottom right panels are orthogonal projections. Top middle shows 2 of 3 transformed cells in 
this animal displaying germline projections. Bottom middle panels show range of proximal gonad 
cell morphologies in pro-AChDTC animals at this stage.  
 
C. Correlation between marker expression and morphology changes. Marker used is ceh-
22bp::venus. Graph legend refers to marker expression (“off” or “on”) and morphological changes 
(“yes” or “no”). ** p<0.01, Spearman Correlation Test. Right photomicrographs are orthogonal 
projections showing representative pro-AChDTC cells; white boxes indicate area shown in 
black and white images to the right. Colored images show expression of both ceh-22pb::venus 
(green) and BFP from the +HLH-12 construct (white). For black and white images, both 
fluorophores are shown in black. Top: animal with two cells expressing ceh-22bp::venus, but no 
change in morphology. Bottom: animal with three cells expressing ceh-22bp::venus and a 
correlated change in morphology. White box outlines one expressing cell; black arrowhead points 




Figure 3.3. ACLC transformation.  
 
A. Marker expression in late L2 (top) and late L3 (bottom). ***p<0.001, Fisher’s Exact T test. n 
= 20-22 for each genotype.             
                   
B. Morphology changes in proximal gonad, shown in late L3. n refers to animals with WT LC-
like morphology; colored box and black dotted outlines indicate proximal gonad cells.  
 
C. Morphology changes seen in hermaphrodites in which the AC ectopically expresses subsets of 
the LC code bHLH genes. Dotted black lines indicate proximal gonad cell. n in bottom panel refers 
to animals with LC-like morphology.  
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Figure 3.4. Expression of endogenous bHLH genes encoding fluorescently-tagged proteins. 
Green lines represent approximate onset of expression in each lineage; regulatory cell lineages are 
labelled in lin-32 panel only. Note that GFP::HLH-12 expression begins in both the hDTCs and 
after LC after their fate is committed; schematics assume that Z4.aaa becomes the LC. n indicated 
on figure represents animals scored from 4-cell stage (Z1 and Z4 daughters) through somatic 
primordium formation. Adapted from Sarah Finkelstein. 
n = 42 n = 42
n = 35 n = 74
n = 39 n = 45







Figure 3.5. cdh-3p::gfp expression in the male proximal gonad. Top: graph represents average 
of two RNAi trials. Genotypes and treatments are indicated; n = 20-22 for each condition. * p<0.05 
Fisher’s exact T-test. Bottom: representative images of male proximal gonad cells and female ACs 
from each genotype. lag-2p::rfp cells in hermaphrodites are invaginating vulval cells; ACs are 
indicated by combined cdh-3p::gfp and lag-2p::rfp expression. Male proximal gonad cells are 
indicated by lag-2p::rfp expression (white outlines) in WT, hlh-3(0), or lin-32(0) backgrounds 
under both treatment conditions, or by cdh-3p::gfp expression in hlh-3(0); lin-32(0) animals with 





Figure 3.6. lin-32 acts in LC specification after the somatic gonad primordium.  
 
A. Timing of cdh-3p::gfp expression in the bHLH(-) male proximal gonad cells. Data shown are 
from one RNAi trial. (i) indicates RNAi treatment against either lacZ or hlh-12. 
 
B. hlh-2(bx108); lin-32(0) LCs are still specified. n = animals showing extension of gonad arm. 
Top: WT L3 male gonad, showing proper extension and reflexion. Bottom: hlh-2(bx108); lin-32(0) 
male gonad, also in mid L3. Extension is abnormal due to the presence of hlh-2(bx108), but gonad 








Figure S3.1. Single bHLH ectopic expression phenotypes and marker expression.  
A. Addition of LIN-32 and HLH-3 does not affect morphology or cdh-3p::gfp expression. n = 20 
for each condition. Photomicrographs show expression cdh-3p::gfp  in only one cell, presumed 
the AC because of its morphology.  
 
B. AC phenotypes with addition of single ectopic expression constructs. “Abnormal invagination” 
indicates delayed invagination or invaginations with abnormal morphology. n = 20-24 in each 
condition.  
 
C. Expression of somatic gonad markers. For arg-1p::gfp, see Chapter 2. nhr-67(2kb)p::mcherry 






Figure S3.2. Comparison of lin-32 (allele[lin-32::gfp]) and labX[lin-32::gfp] fosmid 
expression data.  
 
A. Structure of lin-32 endogenously-tagged alleles and lin-32::gfp fosmid. In addition, lin-32 
endogenously-tagged alleles are single-copy, while lin-32::gfp fosmid transgene is an integrated 
multi-copy array. All other N-terminally-tagged endogenous alleles have the same structure as the 
lin-32 allele represented above. Note that the GFP sequences differ between the two CRISPR-
generated transgenes and the fosmid transgene, represented by different shades of green in the 
schematics. 
 
B. Comparison of expression between lin-32::gfp allele and lin-32::gfp fosmid. Photomicrographs 
show animals in L3: white dotted lines outline gonad, and green box outlines LC. Red in CRISPR-




Chapter 4: Investigating the contribution of bHLH genes to 
migrating anchor cells in other nematode species 
 
Abstract 
 All nematode gonads are patterned by the activity of cognate regulatory cells. However, in 
several species, different activities of the regulatory cells lead directly to gonads with strikingly 
different morphologies. As manipulating bHLH complements can change the fate and functions 
of C. elegans regulatory cells, I hypothesized that these different gonad morphologies might reflect 
different patterns of bHLH code gene expression in these other species. In particular, I found that 
addition of HLH-12 to the pro-ACs results in a cell which specifies AC fate but migrates via 
established hDTC/LC mechanisms, suggesting that expression of HLH-12 alone is sufficient for 
regulatory cell-type migration. As the distantly-related species M. belari has an AC which 
migrates, I hypothesized that expression of Mbe-hlh-12 in this AC might explain its migratory 
ability. To determine if changes in the bHLH code might underlie the different morphology of the 
M. belari gonad, I first performed a phylogenetic analysis to identify bHLH code orthologs in other 
species. While I find conservation of most bHLH code genes, I establish that hlh-12 appears to be 
novel to the genus Caenorhabditis. While this suggests that the M. belari AC cannot be migrating 
due to hlh-12 ortholog expression, I instead predict that another bHLH gene may be controlling its 
migration, as hlh-2 is highly conserved in all species studied and the Ce-hlh-12 target genes have 





 bHLH factors in general are known to be highly conserved and are found in organisms 
ranging from yeast to humans (Massari & Murre, 2000). In yeast, bHLH factors regulate a number 
of developmental processes, from controlling metabolic processes to regulating DNA replication 
and morphogenesis (Chen & Lopes, 2010; Stoldt et al., 1997; Zhang et al., 2002). In metazoans, 
bHLH proteins are most often involved in developmental events, particularly including cell fate 
commitment and lineage specification; in humans, bHLH genes are notably involved in several 
different cancers such as B-cell lymphomas (Massari & Murre, 2000; Sun et al., 2007).  
 There have been several different attempts to further classify bHLH proteins by both 
sequence and function. Murre et al. (Murre et al., 1994) first sub-divided bHLH genes into six 
classes. Class I and Class II bHLH proteins have been discussed extensively in this work; of the 
rest, Class III includes myc-related proteins, Class IV those which interact with myc, Class V those 
without a DNA-binding domain, and Class VI those with a proline in their basic region such as 
Hairy and Enhancer of split. Their classification was later expanded to include Class VII, 
comprised solely of proteins containing both a bHLH domain and a PAS (Period-ARNT-Single-
minded) domain (Massari & Murre, 2000). This classification system neatly separates bHLH 
proteins by their function, sequence and structural elements, and predicted dimerization partners 
and expression, but provides little information about any evolutionary relationship between the 
proteins. 
A more evolution-based study was done by Atchley and Fitch (1997), who took a 
phylogenetic approach to a hand-picked selection of 122 amino acid sequences from species 
ranging from plants to humans, chosen specifically to maintain a relatively wide sequence 
divergence. They used only the bHLH domain in their study, as they found that the flanking 
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sequences were too divergent to provide meaningful analysis. This approach resulted in 27 
different subfamilies, grouped into four clades that aligned with the functions which Massari et al. 
used to group their initial classes (Figure 4.1A). Atchley and Fitch’s Group A corresponded exactly 
with the known Class I and Class II bHLH proteins included in their tree, and Group B with their 
Class III, IV, and VI proteins. In comparison, Groups C and D were much smaller, with the sole 
included Class V sequence included with Group D. Of these four groups, Group B is both the 
largest and contains proteins with the most divergent functions; Atchley and Fitch propose that 
Group B is the ancestral group of bHLH proteins, meaning that Class I and Class II bHLH proteins 
are both closely related to each other and likely represent a more evolved bHLH lineage.  
This phylogenetic grouping of the bHLH genes was later refined by a second analysis done 
by Vervoort and Ledent (2002, Figure 4.1B). They included a total of 350 putative bHLH 
sequences from fly, mouse, worm, yeast, and plants, and found 44 bHLH gene families, 35 of 
which were common to all animals included. Vervoort and Ledent found that Atchley and Fitch 
Groups A and D were monophyletic, and Group C was in a paraphyletic clade with another novel 
group which they termed Group E. They also proposed the existence of a Group F, and found that 
Group B was paraphyletic as well, with the common ancestor of all Group B sequences being the 
common ancestor of the tree as a whole. As Atchley and Fitch’s Group B was both proposed to be 
the ancestral group of bHLH genes and contained representatives with vastly different functions 
(see above), its paraphyletic identity according to Vervoot and Ledent makes relative sense. A 
more surprising finding of this study was the fact that Group C is paraphyletic as well. The Group 
C proteins in Atchley and Fitch’s work all include a conserved bHLH-PAS domain, named after 
the common motif in Drosophila Period, human ARNT, and Drosophila Single-minded (Crews, 
1998); all are Class VII according to Massari and Murre. Vervoot and Ledent suggest that the two 
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independent associations between the bHLH and PAS domains is a result of two separate domain 
shuffling instances, a method of bHLH gene evolution previously proposed by Morgenstern and 
Atchley (1999). However, in both phylogenetic studies the Class I and Class II bHLH proteins 
formed a monophyletic clade, further suggesting their close evolutionary relationship; this was 
underscored by the same finding by a third study using the full protein sequence from a range of 
organisms (Stevens, Roalson, & Skinner, 2008). 
To date, there has been only one published phylogenetic analysis of the C. elegans bHLH 
genes. Grove et al. (2009) found that C. elegans has 18 Class II bHLH genes; of those, they 
classified hlh-16, hlh-17, hlh-31, and hlh-32 as Class II based on similarity sequence to other Class 
II proteins despite a lack of convincing dimerization data. They find that Class II bHLH proteins 
are divided into two separate clades (Figure 4.2). The first, containing hlh-3, hlh-4, hlh-6, hlh-14, 
and hnd-1, forms one of three supergroups in the tree, along with a clade containing hlh-1 and hlh-
2 and a third clade containing the rest of the predicted bHLH genes. Interestingly, they find that 
hlh-12, which they consider a Class II bHLH gene based on both sequence data and dimerization 
data, is most closely related to the Class VII bHLH-PAS gene hif-1, and is only distantly related 
to the other Class II bHLH genes. Again, this study used only the bHLH domains to form their 
tree, leaving the possibility for different clustering when the full bHLH sequences were taken into 
account.  
 Given the general high level of conservation seen in bHLH genes and the importance of 
their roles in gonadogenesis, we wondered if the bHLH code that we identified in C. elegans might 
also be functioning in the patterning of the gonads of other species. While the majority of gonads 
in nematode species follow a plan similar to that of C. elegans, with hermaphrodites or females 
having a bilaterally-symmetric, two-armed gonad with a vulva at the midbody and males having a 
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single-armed gonad terminating in the cloaca at the tail, there are some notable differences to this 
basic scheme. However, all nematode gonads are patterned by the same regulatory cells, and 
differences in number or function lead to the different gonad shapes (Félix & Sternberg, 1996, 
Figure 4.3). For example, the most basal Caenorhabditis species, C. monodelphis, has a single-
armed gonad resulting from the death of one female DTC (fDTC) (Slos et al., 2017, Figure 4.3). 
Oscheius guentheri, a more distantly related species, has a two-armed asymmetric gonad which 
varies between individuals. The anterior fDTC always makes both turns and terminates dorsal to 
the vulva, as in C. elegans, but the anterior fDTC ranges in migration from terminating shortly 
post-vulva to making an almost-complete arm; while there is always some germline found in the 
posterior arm, even those of almost-anterior size remain sterile (Sudhaus & Hooper, 1994; Félix 
& Sternberg, 1996; Figure 4.3). Interestingly, these differences in fDTCs appear to go up the 
lineage: Z1, the progenitor of the anterior fDTC, is heavily biased towards dividing first in O. 
guentheri, but there is no such bias in the related didelphic species Oscheius PS1131 (M. a Félix 
& Sternberg, 1996). This suggests that there are differences in both lineage and A/P positioning 
between the two fDTCs, which may jointly contribute to their different levels of activity. 
 There is also evidence for differences in AC function between species. In C. elegans, the 
AC is required for all stages of vulval formation: it must first induce primary fate in the appropriate 
vulval precursor cell (VPC), followed by basement membrane invasion and coordination of further 
vulval development (Sternberg, 2005). Interestingly, the AC is not the sole source of inductive 
signal in many more basal species (M. A. Félix et al., 2000; M. A. Félix & Sternberg, 1997). For 
example, in Panagrolaimus species PS1732, the first inductive signal comes from the somatic 
gonad precursor cells Z1 and Z4 and specifies P5.p-P8.p as vulval; later, after is it born, the AC 
sends a second inductive signal to specify primary vs. secondary fate within the pre-specified 
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VPCs (M. A. Félix & Sternberg, 1997). This coordinated two-wave induction system is also 
present in several other nematode species outside Caenorhabditis (M. A. Félix et al., 2000; 
Kiontke et al., 2007a). Interestingly, however, some species seem to have dispensed with the AC’s 
role in induction altogether, as induction in the Mesorhabditis group of species and in 
Diplogastrellus gracilis is gonad-independent (Kiontke et al., 2007; Figure 4.3). Kiontke et al. 
show that the source of the first inductive signal has changed at least four times over the course of 
evolution, and propose that heterochronic changes in other pathways required for induction, such 
as EGF receptor expression in the VPCs, might underlie these evolutionary shifts in AC function.  
 For this thesis, I was particularly interested in a group of species in which the AC appears 
to have gained the ability to migrate. In one particular species, Mesorhabditis belari, the vulva is 
located towards the posterior instead of at the midbody. In these animals, the AC specifies at the 
posterior instead of the center of the somatic gonad primordium, opposite the sole fDTC (Félix & 
Sternberg, 1996; Figure 4.3). As discussed above, vulva formation is gonad-independent in this 
species (Kiontke et al., 2007a; Sommer & Sternberg, 1994). Instead, the AC migrates posteriorly 
along the ventral side of the animal during L2 and L3, and connects the forming uterus to the 
vulval opening (Félix & Sternberg, 1996; Figure 4.3). Thus, in M. belari the female AC appears 
to act more like the C. elegans male LC: both cell types lead extension of the arm and connect to 
the gonad opening—the vulva in M. belari females, and the cloaca in C. elegans males—without 
inducing cell fate.  
 As both bHLH factors and regulatory cell identity in nematodes are so conserved, I 
hypothesized that the bHLH code might be regulating the specification and function of regulatory 
cells in other species, and, further, that changes in regulatory cell identity or function might be 
explained by differences in their bHLH complements. I was particularly interested in the migrating 
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and non-inducing M. belari AC, which functionally resembles the C. elegans LC. I first 
hypothesized that expression of Mbe-hlh-3 in the AC might give it LC character, as I found 
previously that hlh-3 is necessary for LC identity in C. elegans (see Figure 2.4). However, ectopic 
expression of hlh-3 in the pro-ACs did not affect AC identity or cause any LC-like changes that 
we could see (see Figure S3.1), suggesting that it is not sufficient for LC identity. Instead, I 
hypothesized that expression of an hlh-12 ortholog in the M. belari AC might be granting it 
migratory functions, as in C. elegans hlh-12 promotes migration of both the hDTCs and LC in a 
cell-autonomous manner (Blelloch & Kimble, 1999; Meighan & Schwarzbauer, 2007; Tamai & 
Nishiwaki, 2007a). 
 As described below, I found that addition of CE-HLH-12 to the C. elegans pro-ACs 
resulted in cells that migrated in an hDTC/LC-like manner, but which retained their AC fate and 
most AC-specific functions, supporting the hypothesis that expression of Mbe-hlh-12 in the M. 
belari AC enables its migration. Given the similarity of Class II genes, I used a phylogenetics-
based approach to properly identify their orthologs. As expected, I found that bHLH genes in 
general were quite conserved across nematode species, and in particular hlh-2 and four of the five 
bHLH code genes have orthologs in most or all of the species studied. The one exception is hlh-
12, which I do not find outside of Caenorhabditis despite its location at a relatively conserved 
genomic locus; further investigation shows that it most likely arose near the base of the 
Caenorhabditis clade, in the species Caenorhabditis bovis. As both the Ce-hlh-12 target genes and 
hlh-12-type E boxes in their 5’ regulatory regions are conserved, I hypothesize that activity of a 
different Class II dimer might control the migration of regulatory cells in other species, including 




Materials and methods 
See Figure 4.7 for phylogenies of species used in trees, Table 4.1 for strains used in this study, 
Table 4.2 for RNAi clones used in this study, Table 4.3 for annotated transcripts, Table 4.4 for 
genome assemblies used in BLAST search, and Table S4.1 for BLAST search results. 
 
C. elegans genetics 
 Strain names and full genotypes are listed in Table 1. For details on strain maintenance, 
see Chapter 2; strains were analyzed at 25ºC.  The allele fos-1(ar105) contains an early termination 
codon, and is a likely null allele (Seydoux et al., 1993; Sherwood et al., 2005).  The allele ina-
1(ar639[ina-1::gfp]) was generated using CRISPR/Cas9 as described below. 
The following alleles and transgenes were used: 
 arIs51[cdh-3p::gfp] (Karp and Greenwald, 2003) is expressed in the AC after its 
specification in late L2 and through L3, and later in the AC and developing uterine seam cell (utse) 
in L4.  
 arIs222[lag-2p::2xlns-tagRFP] and arIs131[lag-2p::2xnls-YFP] (Sallee and Greenwald, 
2015; Li & Greenwald, 2010) are expressed in all somatic gonad regulatory cells except for the 
mDTCs, as well as P6.p and its descendants. I will refer to arIs222 as “lag-2p::rfp” and arIs131 
as “lag-2p::yfp” below. 
 qIs90[ceh-22bp::venus] (Lam et al., 2006) expresses in the hDTCs and their sisters, and 
the mDTCs. 
 qyIs176[zmp-1p::mcherry-moesinABD] (Schindler & Sherwood, 2011) contains the 
moesin actin-binding domain and localizes to the AC invasive membrane. It is driven by zmp-1p, 
which expresses in the AC beginning in L3, as well as the LC. 
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 bmd138[gfp::fos-1] (Medwig-Kinney et al., 2020) is an endogenously-tagged allele 
generated through CRISPR, expressed in the hermaphrodite proximal gonad beginning in L3, and 
the LC. 
 ar639[ina-1::gfp] (this study) is a CRISPR allele expressed in the basement membrane of 
gonads of both sexes beginning in L1, the hDTC and LC beginning in L2, and the hermaphrodite 
proximal gonad beginning in late L3. 
 fos-1(ar105) contains an early termination, and is a likely null allele (Seydoux et al., 1993). 
 arSi45 is a single-copy transgene made using the LG1 integration site (Pani and Goldstein, 
2018), which contains hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2. 
 
Constructs and generation of single-copy insertion transgenes 
 arSi45[hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2]:  hlh-12 cDNA (genewiz.com) and hlh-
2prox regulatory sequences amplified from pHL4 (Sallee et al., 2017), were combined using fusion 
PCR (Hobert, 2002), and inserted into SmaI/XbaI-digested pBS SK+ (Mayer, 1995)  using Gibson 
assembly (Gibson et al., 2009) to create pHL48. The unc-54 3’UTR was amplified from pHL4; 
2xtagBFP2 (hereafter “BFP”) was amplified from pZW109 (Dickinson et al., 2015), with the 
addition of the first 15bp of the 2xGGGGS linker sequence plus an artificial ochre stop codon to 
allow for better amplification of the repetitive sequence. The two pieces were inserted into 
SmaI/XbaI-digested pBS SK+ using Gibson Assembly to create pHL50. The sl2 trans-splicing 
sequence was amplified from pHL3 (Sallee et al., 2017) and fused together with BFP::unc-54 
3’UTR amplified from pHL50 to create sl2::BFP::unc-54 3’UTR. hlh-2prox::hlh-12cDNA was 
amplified from pHL48. hlh-2prox::hlh-12cDNA and sl2::BFP::unc-54 3’UTR were inserted into 
SpeI/AvrII-digested pZW111 (Pani and Goldstein, 2018) using Gibson assembly to create pHL53. 
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 The insert from pHL53 was inserted using CRISPR/Cas9 into a defined site on LGI using 
the method of Pani and Goldstein (2018).  Hermaphrodites were injected with 55ng/µL pAP82, 
10ng/µL pGH8, 2.5ng/µL pCFJ90, and 10ng/µL pHL53. Injected P0 were placed at 25°C and 
treated with 400µL 5mg/mL hygromycin three days after injection. Approximately 100 L1 from 
plates with homozygous "dark rollers" were heat-shocked at 34°C for four hours to excise the 
roller cassette, and lines were established from single non-rolling L4 progeny of heat-shocked 
animals.   
 ina-1(ar639[ina-1::gfp].  The homology repair template pHL57 was cloned into pDD282 
digested with AvrII and SpeI using the methods described in Dickinson et al. (2015). pHL58 
contained the sgRNA, and was constructed by digesting pJW1285 (Ward, 2014) with NdeI and 
SpeI. PCR fragments containing the missing portion of pJW1285, but with the desired ina-1 
sgRNA replacing the original pha-1 sgRNA contained in pJW1285, were inserted into this 
digested backbone using Gibson assembly. This resulted in a new vector identical in sequence to 
pJW1285, with the exception of the desired ina-1 sgRNA sequence in place of the original pha-1 
sgRNA. Microinjections were performed using the method described in Dickinson (2015); 
template and sgRNA constructs were each injected at 50ng/µl, and lines were isolated as described 
above. 
 
Scoring cell fate transformation and function 
 All worms were synchronized for scoring following the methods described in Chapters 2 
and 3, using a bleach/sodium hydroxide solution. Experiments were scored using widefield 
microscopy, with either a Zeiss Axio Imager D1 microscope (40x or 63x PlanNeofluar) and a Zeiss 
AxioCam MRm camera, or a Zeiss Axio Imager Z1 microscope with (40x or 63x PlanNeofluar 
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objectives) and a Hamamatsu Orca-ER camera. In addition, we used a spinning disk confocal 
microscope (Carl Zeiss) with a 63x PlanApochromate objective to better visualize cellular 
morphology. 
 
Pro-ACfDTC morphology and marker scoring.   
Morphology: Worms carrying arTi14[hlh-2prox::lin-32cDNA::sl2::mCherry] and/or 
arSi45[hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2] were evaluated at two stages. “Late L2” is 
equivalent to 26-28 hours post egg prep or 8-10 hours post-L1 arrest at 25ºC, and “late L3” is 
equivalent to 32-34 hours post egg prep or 22-25 hours post-L1 arrest at 25°C. Morphological 
changes were assessed using the confocal microscope, and cells were considered to have fDTC-
like morphology if they displayed flat cell bodies and long projections towards the germline. 
Visualization of cell morphology was facilitated by fluorescence from the hlh-2prox::lin-
32::sl2::2xtagBFP2 transgene, imaged at 40% laser power and 800ms exposure time.  
Markers: Markers were evaluated using widefield microscopy and considered “ON” at the 
following exposures: qIs90[ceh-22b::venus]: 800 ms (Axio Imager D1 microscope, 63x objective) 
or 50% laser power and 120ms, spinning disk confocal (63x). arIs51[cdh-3::gfp]: 250ms, both 
widefield microscopes (63x objective).   
To examine the correlation between fDTC-like morphology and ceh-22bp::venus 
expression, we examined hermaphrodites carrying both arTi148[hlh-2prox::lin-
32cDNA::sl2::mCherry] and arSi45[hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2] using spinning 
disk confocal microscopy; to test statistical significance, we generated a 2x2 contingency table 
and used a Fisher’s exact T test, with morphology scored as fDTC-like or WT and ceh-22bp::venus 
expression scored as ON or OFF under the conditions described above.  
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+HLH-12 AC scoring.   
The ACs of hermaphrodites carrying arSi45[hlh-2prox::hlh-12cDNA::sl2::2xtagBFP2] 
were scored for features characteristic of the wild-type AC using markers and morphology 
indicated here. 
Invadopodia: Invadopodia were defined by colocalization of membrane protrusions and 
mCherry-moeABD punctae. Worms were imaged using the spinning disk confocal microscope at 
63x in late L3. For WT, qyIs176[zmp-1p::mcherry-moeABD] was imaged at 40% power and 
800ms; for +HLH-12, it was imaged at 50% power and 1200ms. arIs131[lag-2p::2xnls-YFP] was 
imaged at 20% power and 500ms in both backgrounds. 
Vertical displacement scoring: Vertical displacement was measured using ImageJ (fiji.sc). 
 Quantification of displacement distance (see Figure 4.5A, Figure S4.2B):  Hermaphrodites 
at the P6.pxx stage of the vulval lineage were scored for the degree of displacement of the AC 
from the center of the P6.pxx nuclei, as shown in Figure 5A and Figure S2B. Migration distance 
is expressed as a ratio of the horizontal distance from the center of the AC nucleus to the outside 
edges of the P6.pxx nuclei, with a positive ratio indicating anterior placement and a negative ratio 
indicating posterior placement. We note that the WT AC is slightly displaced towards the anterior, 
with an average ratio of +0.27, which we refer to as its “normal position”. All distances were 
measured images using FIJI, with a macro to create perpendicular lines intersecting at the midpoint 
of previously saved lines. Nuclei were marked with lag-2p::rfp or lag-2p::yfp expression, or 
determined by Nomarski, and midpoints of nuclei were determined by eye. For statistical analysis, 
animals were sorted into 3 bins depending on the location of the AC relative to the individual 
P6.pxx nuclei (see Fig S4.2B for details). Animals were sorted into bins using the absolute value 
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of their displacement ratio, meaning that animals with anterior and posterior displacement were 
combined into the same bin. 
 Marker expression: All markers except ina-1(ar639[ina-1::gfp] were scored on using 
widefield microscopy at 63x and scored as “ON” if fluorescence was visible at the following 
exposures:  arIs51[cdh-3::gfp] (250ms), qIs90[ceh-22b::venus] (800 ms),  fos-1(bmd138) (300 
ms).  Expression of ina-1(ar639[ina-1::gfp])  was scored using confocal microcopy (30% power 
and 500ms, 63x). 
 Effect of loss of fos-1 activity: fos-1(ar105) was maintained as a heterozygote balanced by 
tmC16[unc-60(tmIs1210)]. tmC16 shows green fluorescence as a heterozygote and a homozygote 
and is Unc as a homozygote (Dejima et al., 2018). fos-1(ar105) homozygous worms were thus 
identified as non-Unc individuals lacking fluorescence. Worms were scored in late L3 after 
synchronization via egg prep. AC displacement was scored using Nomarski optics. 
 Effect of RNAi directed against genes required for fDTC migration: Worms were plated 
after L1 arrest, grown at 25°C, and scored 24-28 hours after feeding on plates seeded with feeding 
bacteria. All RNAi clones used came from a commercial library (Kamath et al. 2003), and RNAi 
targeting lacZ was used as a negative control. RNAi cultures were grown in 2xYT or LB media 
with 50µg/mL carbenicillin at 37°C overnight, and 70µL of each culture was added to room-
temperature NGM plates with added 6uM IPTG and 100uM carbenicillin. Plates were allowed to 
dry for a minimum of two hours or up to overnight at room temperature before worms were added. 
As the RNAi conditions affect fDTC outgrowth and hence gonad morphology, worms were 
staged based on age after plating, and scored for fDTC outgrowth defects at 63x using widefield 
microscopy, providing an internal positive control that RNAi had been effective. lag-2p::rfp 
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expression was used to identify the AC and P6.pxx nuclei. Photomicrographs were taken at 500ms 
exposure (lag-2p::rfp) and 750-900ms (hlh-2prox::hlh-12::sl2::BFP).  
 
Acquiring potential bHLH transcripts for phylogenetic analysis 
cDNA and/or protein sequences were obtained from the following sources: 
For C. elegans, C. briggsae, and C. remanei: Wormbase versions WS266, WS277, and 
WS279 (wormbase.org) 
For all other Caenorhabditis species except for C. japonica and C. bovis, as well as D. 
coronatus, M. belari, O. tipulae, and P. oxycerus: the Caenorhabditis Genomes Project v1 
(caenorhabditis.org) 
For C. japonica: Wormbase and the Caenorhabditis Genomes Project 
For C. bovis:  The Caenorhabditis Genomes Project and the European Nucleotide Archive 
(ebi.ac.uk/ena) 
For A. suum, H. bacteriophorae, and P. redivivus: Wormbase ParaSite v9.0 
(parasite.wormbase.org) 
For P. pacificus: Wormbase, the Caenorhabditis Genomes Project, and Pristionchus.org 
When available, entire genome sequences were downloaded for BLAST search using 
BLAST+ v.2.10.0 (ncbi.nlm.nih.gov). If genomes were not available for download, BLAST 
searches were performed online at the Caenorhabditis Genomes Project. Annotated C. elegans 
transcripts were BLASTed against both the cDNA and protein databases of other genomes to 
identify potential orthologs, using tBLASTx or tBLASTn to search all reading frames for 
translated sequences. All searches were done with an E value threshold of 10. WormBase version 
WS266, WormBase ParaSite v9.0, and the Caenorhabditis Genomes Project v1 were used to obtain 
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cDNA transcripts of BLAST results. All potential bHLH orthologs were screened using NCBI’s 
Conserved Domain search (ncbi.nlm.nih.gov) against database CDD v3.17 – 55426 PSSMs with 
an E value threshold of 0.01, and transcripts without predicted bHLH domains were eliminated 
from the dataset (see Table S4.1).  
 
Building and revising phylogenetic trees 
Trees were generated using Bayesian analysis. cDNA sequences were grouped into FAS 
datasets using Sublime Text 3 (sublimetext.com). FAS datasets were translated and alignments 
built using MEGA7 (megasoftware.net) and ClustalW (amino acid) and exported as NEXUS files. 
NEXUS files were converted into XML format using BEAUti v1.8.4 (beast.community/beauty). 
Bayesian analysis was run on XML files either using BEAST 1.8.4 (beast.community) or BEAST2 
with the BEAGLE library (beast2.org, github.com/beagle-dev/beagle-lib), or BEAST on XSEDE 
via the CIPRES Science Gateway (phylo.org), with a minimum of 3,000,000 generations.  
BEAST output files were analyzed for the best-fit tree using TreeAnnotator 2.5.2, and 
resultant trees were evaluated using Tracer v1.7.1 (Rambaut et al., 2018). Trees with an effective 
sample size of under 200 according to Tracer were discarded. To generate the final trees, we used 
Tracer to determine the appropriate burn-in percentage for each tree, with a default of 10% burn-
in, maximum clade credibility, and common ancestor for the node heights.  
 We used the full protein sequence for all of our trees, unless otherwise described, with HIF-
1 orthologs serving as an outgroup for most analyses. As the initial BLAST search had very loose 
parameters, our initial tree drafts had several bHLH-domain-containing proteins that did not cluster 
with any known orthologs, which we hypothesized to be non-Class I or non-Class II genes. We 
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thus deleted these transcripts from our datasets and re-ran the trees to generate the final 
phylogenies.   
 
BLAST searches for HLH-12 flanking regions 
 The bHLH domain of HLH-12 proteins from C. elegans, C. japonica, C. briggsae, and C. 
castelli was determined by both NCBI’s Conserved Domain Search and UniProt KB (uniprot.org) 
when available. The flanking regions were used to perform both tBLASTx and tBLASTn searches 
as described above in C. elegans, C. briggsae, C. japonica, C. castelli, C. bovis, C. parvicauda, 
and C. monodelphis. Only non-hlh-12 results were taken from each search. 
 
Synteny 
 WormBase version WS266 was used to identify the 5 most proximal 5’ and 3’ genes to C. 
elegans hlh-12. BLAST searches against all species but C. japonica and C. elegans were done 
using BLAST+ or online searches as described above, with an E value threshold of 1. Reverse 
BLAST searches against C. elegans were done using WormBase version WS266 against the 
PRJNA13758 database, with an E value threshold of 1. WormBase version WS266 was also used 
to search for C. japonica orthologs. WormBase version WS279 and GBrowse were used to 
determine gene location in C. elegans, C. japonica, and P. pacificus. The Caenorhabditis Genomes 
Project v1 was used to analyse the genomic loci of C. uteleia, C. castelli, C. quiockensis, C. virilis, 




Table 4.1. Key resources table. 
Reagent Source 
GS8958: arIs51; arIs222 him-5(e1490) This paper 
GS7849: qIs90; arIs222 him-5(e1490) This paper 
GS9150: arSi45; arIs51; arIs222 him-5(e1490) This paper 
GS9219: arIs45; qI90; arIs222 him-5(e1490) This paper 
GS9116: arSi45; arIs222 him-5(e1490) This paper 
GS9165: ina-1(ar639); arIs222 him-5(e1490) This paper 
GS9497: arSi45; ina-1(ar639); arIs222 him-5(e1490) This paper 
GS9306: qyIs176; arIs131 This paper 
GS9308: arSi45; qyIs167; arIs131 This paper 
him-8(e1489); fos-1(bmd138) This paper 
arSi45; him-8(e1489); fos-1(bmd138) This paper 
GS9500: fos-1(ar105)/ tmC16[unc-60(tmIs1210)] This paper 
GS9501: arSi45; fos-1(ar105)/ tmC16[unc-60(tmIs1210)] This paper 
GS8195: arIs222 him-5(e1490) This paper 









See Table S4.2 for predicted bHLH code gene orthologs 
Addition of HLH-12 to the AC compromises its functions but does not alter its fate 
 To perform the desired pro-AChDTC and pro-ACLC transformations shown in 
Chapter 3, I generated an ectopic expression line for HLH-12 (“+HLH-12”, see Figure 3.1 for 
structure and Figure 4.4A for expression pattern). To determine if addition of HLH-12 alone was 
sufficient to cause AC fate or functional defects, I assessed these animals for both expression of 
the AC marker cdh-3p::gfp and abnormal or absent vulvas which would suggest that AC functions 
have been compromised. The +HLH-12 cells expressed cdh-3p::gfp at 100% penetrance and did 
not express hDTC fate marker ceh-22bp::venus, suggesting that AC fate was retained (Figure 
4.4B). However, the animals also had very compromised vulva formation: 100% had egg-laying 
defects, with ~90% having abnormal vulval eversion and the remaining 10% completely lacking 
a vulva (Figure S4.1A). This suggests that, while the AC retains its fate, its functions in uterine 
and vulval patterning have been compromised. 
 After inducing vulval precursor cell fate, a wild-type AC will invade through the basement 
membrane surrounding the gonad to physically contact the developing vulva (see Figure 1.3). This 
process requires the transcription factor fos-1, a direct target of HLH-2 homodimers which 
regulates genes necessary for the formation of invadopodia on the apical membrane of the AC 
(Schindler & Sherwood, 2011; Sherwood et al., 2005). Among others, fos-1 regulates expression 
of the zinc metalloprotease zmp-1, which helps to dissolve the basement membrane that separates 
the somatic gonad from the vulval cells (Sherwood et al., 2005). I used the transgene zmp-
1p::mcherry-moesinABD to visualize invadopodia, as it contains the moesin actin-binding domain 
and thus localizes to the actin-rich invadopodia (Schindler & Sherwood, 2011). The +HLH-12 
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ACs showed several defects in invasion. First, the number of invadopodia coming from the lateral 
membrane was significantly reduced, and there were also invadopodia projecting from the 
basolateral membrane, a hallmark of fos-1(0) ACs (Figure 4.4C; David Matus, personal 
communication). In addition, expression of an endogenously-tagged FOS-1::GFP allele was dim 
or absent in the +HLH-12 ACs (Figure 4.4D). Taken together, these results indicate that the 
addition of HLH-12 to the ACs results in ACs with greatly impaired invasion due to the 
downregulation of fos-1. 
 
Ectopic expression of HLH-12 leads to hDTC/LC migration factor-dependent displacement of the 
AC from its normal position 
 While examining the +HLH-12 ACs, I noticed that the AC was often displaced from its 
usual position. To quantify this displacement, I measured its distance from the center of the 
descendants of the primary-fated vulval precursor cell, P6.p. P6.p divides twice to give rise to four 
granddaughters, collectively termed P6.pxx; the WT AC usually sits above the middle of these 
four cells during L3 (see photomicrograph in Figure 4.5A). For details on quantification and 
statistical analysis, see Figure 4.5A, Figure S4.2B and Material and Methods. Using lag-2p::tagrfp 
to mark both the P6.pxx and AC nuclei, I found that the +HLH-12 ACs were significantly 
displaced from their normal position (Figure 4.5A). In addition, they were displaced anteriorly or 
posteriorly at equal frequency. I also found that this displacement was purely horizontal, as there 
was no significant difference in vertical distance from P6.pxx (Figure S4.1B). 
 While these +HLH-12 ACs might be displaced due to some bHLH-independent 
mechanism, the most likely hypothesis is that the +HLH-12 ACs are actually migrating due to 
HLH-12 activating the machinery used for the hDTC/LC leader function. In the hDTC and LC, 
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HLH-12 directly activates both gon-1, a metalloprotease that dissolves the extracellular matrix to 
allow passage, and ina-1, an α-integrin that helps the cells adhere to the basement membrane and 
crawl forward (Blelloch & Kimble, 1999; Meighan et al., 2015). If the displacement of the +HLH-
12 ACs does result from HLH-12-induced mobility, I would expect the +HLH-12 cells to both 
express these target genes and to cease migration in their absence.  
 To test this hypothesis, I looked at ina-1. I first generated an endogenously-tagged line 
using CRISPR, ina-1(ar639), and examined its expression in the proximal gonad. Consistent with 
previous reporter transgenes (Meighan, Kann, et al., 2015; Meighan & Schwarzbauer, 2007), ina-
1(ar639) is expressed in the hDTCs, LC, and the basement membrane surrounding the entire 
gonad; in L2, it is not expressed in the proximal gonad (Figure 4.5B, top panel). By contrast, I 
found expression of INA-1::GFP in the AC in L2 in roughly 50% of animals, suggesting that ina-
1 was ectopically expressed at this time (Figure 4.5B, bottom panel). In addition, I found that the 
+HLH-12 ACs were no longer displaced when I performed RNAi against ina-1 (Figure 4.5C, 
Figure S4.2C-D), suggesting that their displacement is dependent on ina-1. Crucially, the WT ACs 
were not displaced by ina-1 RNAi, indicating that the loss of ina-1 does not result in AC movement 
due to lack of adhesion to the basement membrane. I also performed RNAi against gon-1, the other 
known direct target of HLH-12:HLH-2 dimers, but found an overall gonad bursting phenotype 
consistent with prior reports which impeded my displacement analysis (Figure S4.2A).  
The combined observations that INA-1 is ectopically expressed in +HLH-12 ACs and 
displacement of +HLH-12 ACs is suppressed with RNAi against ina-1 suggest that HLH-12 is 
ectopically activating INA-1 in these animals, leading to ina-1-dependent displacement of the AC 
in a manner consistent with ina-1’s role in promoting hDTC and LC migration. The hDTC and LC 
display characteristic features of migrating cell types such as focal adhesions and cytoskeletal 
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rearrangements (Wong & Schwarzbauer, 2012); ina-1 is involved in focal adhesions, supporting 
the hypothesis that the addition of HLH-12 to the AC is sufficient to turn the AC into a migrating 
cell type. To further test this hypothesis, I examined two other genes which are not known to be 
direct HLH-2:HLH-12 heterodimer targets: cdc-42, a Rho GTPase which interacts with the ina-1 
cytoplasmic tail (Meighan, Kelly, Krahe, & Gaeta, 2015); and pfd-1, a chaperone protein which 
acts in tubulin biogenesis (Lundin, Srayko, Hyman, & Leroux, 2008). I found that RNAi directed 
against both cdc-42 and pfd-1 suppressed the displacement of the AC in +HLH-12 hermaphrodites 
(Figures 4.5C, S42B-D).   
Finally, I examined AC displacement in fos-1(0) animals. The +HLH-12 ACs were still 
displaced, suggesting that the invasion defects described above do not contribute to AC 
displacement (Figure 4.5D). Overall, these results suggest that addition of HLH-12 to the ACs 
results in a cell that retains AC fate, but that expression of HLH-12 in these cells is sufficient to 
activate AC movement by the mechanism used for leader cell outgrowth. We propose also that 
invasion in these cells is impaired by the lower availability of HLH-2 homodimers due to the 
segregation of some HLH-2 in HLH-2:HLH-12 heterodimers, thus leading to the lowered 
expression of the HLH-2 homodimer target FOS-1 and impaired invasion as a result (Schindler 
and Sherwood, 2011; Figure 4.6). 
 
hlh-2 and most bHLH code genes are conserved, but hlh-12 is not  
 As Ce-hlh-12 is sufficient to induce AC migration when expressed in the C. elegans pro-
ACs, I next wanted to ask if the migrating AC in species like M. belari was due to ectopic hlh-12 
ortholog expression in the ACs of those animals (see Figure 4.3). bHLH proteins in general are 
very conserved in their sequence, binding motifs, and transcriptional targets (Massari & Murre, 
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2000). Among the genes making up the bHLH code, most have evidence for conservation as well. 
Maria Sallee found that two human orthologs of HLH-2, E47 and E12, were able to rescue hlh-
2(bx108) defects and were unstable in VUs, suggesting strong functional and regulatory 
conservation (Sallee and Greenwald 2015). In addition, LIN-32 is a predicted ortholog of 
Drosophila Atonal (Portman and Emmons 2000), HLH-3 of Achaete-Scute (Doonan et al., 2008), 
and HLH-8 of Twist (Harfe et al., 1998); all highly conserved gene families (Valerie Ledent & 
Vervoort, 2001). Thus, I expected to find orthologs of the bHLH code genes in many nematode 
species outside C. elegans.  
 To find orthologs, I created a phylogenetic tree of HLH-2 and Class II bHLH genes across 
various nematode species (Figure 4.8A; see also Figure 4.7A and Figure S4.3). The tree included 
all annotated orthologs of C. elegans Class I and Class II bHLH genes from C. japonica and P. 
pacificus, as well as bHLH-domain containing BLAST hits from 7 other species chosen to give a 
good representative spread across nematode clades III-V (David Fitch and Karin Kiontke, personal 
communication; see also Figure 4.7A). I used the Class VII bHLH gene hif-1 as an outgroup for 
this tree. As M. belari was of particular interest to us due to its migrating AC (Félix & Sternberg, 
1996), we used the more distant species P. oxycerus, P. redivivus and A. suum to serve as outgroups 
in the individual gene clades.  
For the clades formed by orthologs of the bHLH code genes, see Figure 4.8B. As expected, 
I found that most of the bHLH code genes do indeed show strong conservation. HLH-2 in 
particular is highly conserved, with a predicted ortholog in each of the 10 species contained in the 
tree. The HLH-2 clade contains all annotated hlh-2 transcripts and is arranged similarly to the 
predicted evolutionary relationship between the species, with transcripts from the included 
Caenorhabditis species clustering together and transcripts from the more distantly-related species 
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such as A. suum and P. redivivus forming a different clade. The LIN-32 clade is similar, with 
representation from all 10 species in the tree and general conservation of their phylogenetic 
relationships. Of note, there are two representatives from P. oxycerus, suggesting a potential gene 
duplication in this lineage. 
The HLH-8 clade is similar to those of HLH-2 and LIN-32, containing all annotated hlh-8 
transcripts and with transcripts that cluster in a predictable order. However, the HLH-8 clade 
contains transcripts from only 8 species, as no HLH-8 ortholog could be identified in M. belari 
and H. bacteriophora. As there are predicted orthologs in lineages both more basal and more 
evolved, this suggests either two lineage-specific losses of hlh-8 or a lack of sufficient quality data 
in the draft genomes for these species.  
 The HLH-3 clade is more complex than those for HLH-2, HLH-8, and LIN-32, as it is 
mixed with predicted HLH-14 orthologs. However, previous studies (Grove et al., 2009) suggest 
that hlh-3 and hlh-14 are very closely related, lending further support to this mixed clade, and a 
recent re-release of the P. pacificus genome with updated annotations contains only a single 
annotated Ppa-hlh-3/hlh-14. Taken together, the HLH-3/HLH-14 clade contains all six annotated 
HLH-3 and HLH-14 transcripts and at least two transcripts from each species, suggesting that 
HLH-3 and HLH-14 are both conserved as well.  
Strikingly, the clade for HLH-12 contains only the two annotated transcripts from C. 
elegans and C. japonica (P. pacificus had no annotated hlh-12 transcript), and no representatives 





hlh-12 likely arose within Caenorhabditis 
 Of the 10 species tested above, I found HLH-12 orthologs in C. elegans and C. japonica, 
but none in species outside Caenorhabditis. Interestingly, I also found no predicted ortholog in C. 
monodelphis, the most basal lineage in Caenorhabditis (Slos et al., 2017). This raises the 
possibility that hlh-12 arose at some point within the Caenorhabditis lineage. 
 To determine which lineages within Caenorhabditis have hlh-12 orthologs, I performed a 
phylogenetic analysis as described above on Caenorhabditis species. This analysis includes 
Diploscapter coronatus, a member of the Caenorhabditis sister genus, as well as Oscheius tipulae 
to serve as an outgroup for each ortholog clade. As a phylogeny of all C. elegans bHLH genes 
showed that hlh-11 and hlh-1 are in the same clade as hlh-2 and all Class II bHLH genes (see 
below and Figure 4.10), I also included these in my analysis. In addition, previous work from 
Grove et al. (2009) suggested that the Class VII bHLH-PAS protein HIF-1 is the most closely 
related protein to CEL-HLH-12 (see Figure 4.2); I thus added predicted HIF-1 to this tree as well. 
I used a subset of Caenorhabditis species chosen for a good spread across the clade, including C. 
bovis, a recently-described basal species (David Fitch and Karin Kiontke, pers. comm.; Stevens et 
al., 2020; see Figure 4.7B).  
For the complete tree of all Caenorhabditis species except for C. bovis, see Figure S4.4; 
for the tree of selected Caenorhabdits species including C. bovis, see Figure S4.5. I found that C. 
bovis is the most basal species with a predicted hlh-12 ortholog, and that, with a few exceptions, 
hlh-12 orthologs are present in all higher Caenorhabditis species (Figure 4.9). The absence of hlh-
12 in Diploscapter further supports the hypothesis that hlh-12 originated with C. bovis, and thus 




How hlh-12 evolved remains unclear 
 The apparent origin of hlh-12 in Caenorhabditis raises the question of how the gene 
evolved. One obvious hypothesis is via duplication of another bHLH gene. Another hypothesis is 
that hlh-12 evolved through domain shuffling, which has been suggested as a probable mechanism 
for bHLH gene evolution (Morgenstern & Atchley, 1999). 
To assess if hlh-12 might have evolved through gene duplication, I performed a 
phylogenetic analysis of all C. elegans bHLH genes (Figure 4.10). Using only genes from C. 
elegans allowed me to more clearly visualize relationships between the genes, and I included all 
bHLH genes in case hlh-12 had arisen from a duplicate of a non-Class I or Class II gene. In 
addition, I used only the bHLH domains in this analysis, to avoid confusion from any extra 
domains such as the PAS domains in Class VII bHLH proteins.  
Of note, my analysis did not show a relationship between the HLH-12 and HIF-1 bHLH 
domains, contrary to previous findings (Grove et al., 2009). This phylogenetic analysis did show 
close relationships between hlh-3/14 and hlh-17/31/32, suggesting that these genes arose via 
duplication; however, hlh-12 has no obvious sister, instead appearing in a clade with hlh-3, hlh-
14, hlh-4, and hlh-1. While this does not rule out gene duplication completely, it does suggest that 
gene duplication is unlikely in this instance—for example, my analysis suggests that hlh-3 and 
hlh-14 split before H. bacteriophora and O. tipulae, as both of these species have predicted 
separate hlh-3 and hlh-14 orthologs (Figure 4.8B); however, hlh-12 is more different from its 
closest sister hlh-4 in this tree than hlh-3 and hlh-14 are from each other, suggesting that if there 
was a gene duplication event it happened before the hlh-3/hlh-14 split. As I predict that hlh-12 
arose within Caenorhabditis, at a point much higher up the lineage than the hlh-3/hlh-14 split, 
gene duplication as an explanation for hlh-12’s origin seems unlikely. 
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Another hypothesis for how hlh-12 evolved is through domain shuffling, the process by 
which an exon containing a functional domain is spliced into the intron of another gene. As Class 
II bHLH genes in particular contain only the bHLH functional domain, this provides an attractive 
explanation for how they might evolve (Morgenstern & Atchley, 1999). Supporting this hypothesis 
is the fact that Cel-hlh-12 is contained within an intron of another gene, spp-10 (see Figure 4.11).  
To determine if hlh-12 evolved through domain shuffling, I performed a BLAST search 
against the N- and C- terminal bHLH-domain flanking regions of HLH-12 orthologs from various 
Caenorhabditis species. If hlh-12’s bHLH domain did come from an exon spliced into an intron 
at another locus, these flanking regions should still retain some signature of their original location 
shared across these species. However, I found that the BLAST results did not suggest a common 
location (see Table 4.5). While my search was likely hindered by the fact that many of these 
sequences are very small, the complete lack of accord in the BLAST results suggests that hlh-12 
did not arise through domain shuffling. In addition, the hlh-12 orthologs in non-C. elegans species 
are not contained within introns (see Figure 4.11), providing further evidence that hlh-12 arose via 
some other method. 
Taken together, my results suggest that hlh-12 did not arise through two common forms of 
gene evolution, gene duplication and domain shuffling. I finally turned to a synteny analysis to 
determine if the genomic locus of hlh-12 might provide some evidence for how it evolved. I took 
the 5 most proximal 5’ and 3’ genes in C. elegans, as well as spp-10, which contains Cel-hlh-12 
in an intron, for a total of 11 genes of interest, and looked at their conservation and location in 
other Caenorhabditis species (Figure 4.11). I found that these genes had varying levels of 
conservation, with spp-10 in particular being highly conserved and others like ant-1.4 appearing 
more novel.  
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The hlh-12 loci in C. briggsae and C. japonica resembled the C. elegans hlh-12 locus, 
containing many of the same genes with a roughly conserved order. In particular, spp-10 was 
always close to hlh-12. However, I found that in C. castelli, one of the most basal species 
containing hlh-12, the spp-10 and hlh-12 loci were different, with the spp-10 locus also containing 
two of the other proximal genes (Table 4.6). As the genomes for many Caenorhabditis species are 
arranged in relatively small scaffolds, I was unable to ascertain the position of the spp-10 locus 
relative to the hlh-12 locus, but I did ascertain that the hlh-12 locus contained no orthologs of any 
of these proximal genes within 41 kilobases 5’ and 9 kilobases 3’ of Cca-hlh-12 (Table 4.6). Other 
more basal species also had this split between hlh-12 and spp-10 loci, with the spp-10 locus 
containing orthologs of the proximal genes. Taken together, this suggests that hlh-12 evolved in a 
different place in the genome, and translocated to its current locus at some point more recently, 
most likely with C. japonica (Table 4.6, Figure 4.9, Figure 4.11).  
  
Discussion 
Addition of HLH-12 to the pro-ACs results in ACs with compromised later functions 
 ACs with added HLH-12 migrate using the hDTC/LC migration mechanisms, but retain 
AC fate. In addition, I found that AC invasion was impaired, with ~65% of animals showing a 
reduction in FOS-1 expression and a much lower average number of invadopodia overall. I 
hypothesize that this is due to a titration model, in which the added HLH-12 results in less HLH-
2 available to form homodimers, and therefore compromise of HLH-2 homodimer-dependent 
functions such as invasion (see Figure 4.6). 
 As discussed in Chapter 1, HLH-2 regulates both AC fate specification and all of its 
functions, including induction. While I do see some failure of induction in the +HLH-12 AC 
132 
 
animals, it is only at a penetrance of around 10%, much lower than the penetrance of 
downregulated FOS-1 (Figure 4.4D, Figure S4.1A), and I see no failure in AC specification. Why, 
then, do I see such a compromise of invasion, but minor or no defects with specification and 
induction? One possible explanation is that HLH-12 requires some time to build up levels from 
the relatively weak hlh-2prox promoter, and that at the time of specification and induction there is 
still sufficient HLH-2 homodimer for those processes; another explanation is that fos-1 is more 
sensitive to HLH-2 homodimer levels than the lin-3/EGF that serves as the induction signal. One 
way to test this would be to drive HLH-12 from a promoter that expresses later in the AC, such as 
cdh-3p or zmp-1p, and see if this later addition of HLH-12 still impairs invasion. 
 
Expansion and lineage-specific losses of bHLH genes within nematodes 
 As expected, I found much conservation in the Class I and II bHLH genes used in our 
analysis. In particular, I found HLH-2 orthologs in each of the 10 species included in the original 
tree, and in all but C. latens in the Caenorhabditis-specific tree (see Table S4.2). The apparent lack 
of hlh-2 in C. latens could be due to incomplete genome data, as other studies suggest that Class 
I/E proteins are highly conserved (Massari & Murre, 2000; Sallee & Greenwald, 2015; Zhuang et 
al., 1998). In general, however, I find clearly predicted HLH-2 orthologs in each of the species 
used in our analysis, further supporting its deep conservation. P. pacificus is known to have two 
hlh-2 orthologs, Ppa-hlh-2.1 and Ppa-hlh-2.2(Rödelsperger et al., 2017); in addition, I found 
evidence for gene duplication of hlh-2 in C. brenneri and C. uteleia (Table S4.2, Figure S4.4), 
suggesting that other species might also possess more than one Class I bHLH gene. 
 A more striking finding was the apparent expansion of Class II factors throughout 
Nematoda. While C. elegans has 18 predicted Class II bHLH genes (Grove et al., 2009), I found 
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predicted orthologs for much fewer Class II transcripts in all non-annotated, non-Caenorhabditis 
species included in our tree (Table S4.2). Our results suggest that the least conserved genes are 
hlh-31 and hlh-32, which we could not find outside C. elegans, and hlh-12, hlh-17 and hlh-19, 
which we could not find outside Caenorhabditis (Table S4.2).  
Of the species studied in this analysis, P. pacificus is particularly interesting because these 
preliminary findings suggest that there may be a number of species- or genus-specific losses of 
Clas II bHLH genes. Interestingly, a recent re-annotation of the P. pacificus genome shrunk the 
number of predicted Class II orthologs, from the 11 initially predicted to eight, including a single 
Ppa-hlh-3/hlh-14 in line with its predicted duplication in later lineages (Rödelsperger et al., 2017). 
My analysis found evidence of potential Pristionchus losses of hlh-10, hlh-13, and hlh-15, as I 
found predicted orthologs for all of these genes in lineages both below and above P. pacificus 
(Figure S3). These apparent losses are somewhat surprising, as both hlh-13/PTF1 and hlh-
15/NSCL are the only predicted nematode orthologs of conserved bHLH gene families (Table 4.3; 
Liachko et al.; 2009; Mansfeld et al., 2015). Both hlh-13 and hlh-15 have also implicated in aging 
and the dauer process: hlh-13 as a direct target of daf-16, and hlh-15 as a regulator of branched-
chain amino acids during the aging process (Liachko, Davidowitz, & Lee, 2009; Mansfeld et al., 
2015). If these losses are true, this would be an interesting finding, as it would suggest that P. 
pacificus or Pristionchus species in general are missing many bHLH genes that are otherwise quite 
conserved, especially those regulating dauer and the aging process. A more careful phylogenetic 





Several bHLH genes, appear to be novel to Caenorhabditis or subsets of the clade 
I do not find hlh-12, hlh-17, hlh-19, hlh-31, and hlh-32 outside Caenorhabditis (Table S4.2, 
Figure S4.4). The latter four genes were all singled out by Grove et al. (2009) as those grouped in 
Class II because of sequence similarities but not dimerization data. However, we find using the 
orthology prediction tool Ortholist 2 that the predicted human orthologs of hlh-17, hlh-31, and hlh-
32 are the E proteins BHLE22 and BHLE23, instead of other Class II factors (Kim, Underwood, 
Greenwald, & Shaye, 2018). This disparity could result from Ortholist assigning orthology based 
on the entire sequence, while Grove et al. used only the bHLH domain in their work; however, we 
did not find that any annotated hlh-17, hlh-19, hlh-31, or hlh-32 transcripts clustered with hlh-2, 
the known E protein ortholog used in our analysis, and thus we do not believe them to be true Class 
I proteins.  
Of the four, Grove et al. found that hlh-17, hlh-31, and hlh-32, all Olig orthologs, formed 
a single clade; our results support that finding, and we predict that hlh-31 and hlh-32, which we 
find in C. elegans only, resulted from duplications of hlh-17 (Table S4.2, Figure S4.4, Figure S4.5). 
hlh-19 is an interesting case, as various sources disagree on its classification: Vervoort and Ledent 
classify it as an Achaete-Scute, while Grove et al. classify it as an ortholog of Hand, and Ortholist 
provides no known human orthologs. Given its unclear status, it is not surprising that hlh-19 does 
not appear to be highly conserved, appearing instead to be a novel feature of the Elegans 
supergroup of Caenorhabditis based on our analysis (Figure 4.7B, Figure S4.4). 
 
hlh-12’s origins remain a mystery 
In my analyses above, I found that hlh-12 evolved with C. bovis, and provided evidence 
suggesting that it did not evolve through either gene duplication or domain shuffling (see Figure 
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4.10, Table 4.6). Gene duplication and domain shuffling are only two of many mechanisms by 
which genes can arise: others include gene fusion, gene fission, and other combinations of 
duplication and recombination (Long et al., 2013). Any one or several of these mechanisms could 
have contributed to hlh-12’s origin. 
If hlh-12 did arise from the genetic material of some other gene, such as through gene 
fission or fusion, it remains likely that another bHLH gene was the source given hlh-12’s close 
phylogenetic relationship with other Class II bHLH genes in particular (Figure 4.10). While many 
of the Class II bHLH genes have clear orthologs in other species, such as hlh-8/Twist or hlh-
3/Achaete-scute, previous work has unsurprisingly disagreed on the orthology of hlh-12. I find that 
different analyses predict different relatives: for example, my analysis of C. elegans bHLH 
domains showed that hlh-12 was most closely related to the Achaete-scutes hlh-3/4/14, while my 
analysis of all Class I and Class II bHLH genes in Caenorhabditis and Diploscapter using the 
whole protein sequence found that hlh-12 was most closely related to hlh-10 (Figure S4.3, S4.4). 
These analyses differ in both included species and sequences, with a major difference being the 
inclusion or absence of non-bHLH-domain sequence. Thus, focusing future analyses on the bHLH 
domain only, such as an analysis of Caenorhabditis and Diploscapter species in this manner, might 
provide further evidence about whether or not other bHLH genes could have contributed to hlh-
12’s origin. 
During my synteny analysis, I discovered that hlh-12 appears to have originated at a 
different locus than its current position in C. japonica and above species, including C. elegans 
(Figure 4.11, Table 4.6). The locus of spp-10, the gene containing Cel-hlh-12, is much more 
conserved, further suggesting that hlh-12 originated elsewhere and only recently moved to its 
current location in the higher Caenorhabditis species. Further syntenic analysis of the separate 
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hlh-12 locus in species such as C. castelli  and C. bovis might shed some light onto how hlh-12 
evolved there. In addition, if further phylogenetic analyses suggest a stronger candidate for a 
bHLH gene parent of hlh-12, investigation of its syntenic locus might also provide useful 
information about how hlh-12 originated. 
 
Potential for a bHLH code in other nematode gonads? 
 With the striking exception of hlh-12, the bHLH code genes were highly conserved across 
all species studied. This high level of conservation, and in particular the absolute conservation of 
hlh-2, supports the idea that the bHLH code could be conserved across species; in addition, the 
fact that addition of CE-HLH-12 to the C. elegans AC resulted in a change of function provides a 
mechanism by which other species could have evolved different gonad morphologies. As to date 
there are no known conserved mechanisms of gonad development in nematodes, and indeed 
predicted gene networks for essential processes such as induction and vulva formation vary across 
species (Félix & Sternberg, 1997; Kiontke et al., 1925), the conservation of the bHLH code across 
species would be a truly novel finding. 
While the lack of hlh-12 orthologs outside Caenorhabditis suggests that hlh-12 orthologs 
cannot be controlling the migration of regulatory cells in all species, it is possible that other Class 
II bHLH proteins are dimerizing with HLH-2 to target the same effector genes. Supporting this 
hypothesis, I have found preliminarily that Ce-hlh-12 target genes ina-1 and gon-1 are highly 
conserved, and that C. elegans gon-1 and ina-1 have E boxes in conserved areas of their 5’ 
intergenic regions. Ce-hlh-12 shares an E box consensus motif with Ce-hlh-3, Ce-hlh-14, Ce-hlh-
19, and Ce-lin-32 (Grove et al., 2009; Narasimhan et al., 2015); as E boxes are generally very 
conserved, with both HLH-2 and E2A dimers recognizing the same sequence, this would mean 
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that potentially orthologs of any of the listed genes could substitute for the absent hlh-12 ortholog 
activity (Grove et al., 2009; Massari & Murre, 2000).  
 The general conservation of bHLH genes in other species support the hypothesis that bHLH 
genes are regulating their gonads, but at the moment I do not know if bHLH genes are expressed 
in the gonad of any species outside C. elegans. The first step to testing this hypothesis would be 
to look for HLH-2 expression in the gonad of a species like P. pacificus, which has the advantage 
of a high-quality genome sequence and clearly identified regulatory cells, using tools like CRISPR 
or smFISH (Barkoulas et al., 2016; Witte et al., 2014). If HLH-2 is present in the regulatory cells, 
that would support the hypothesis that the code is active in other species; from there, looking at 
expression of the Class II bHLH genes in P. pacificus or perhaps testing their function in a model 
like the C. elegans AC could suggest what other bHLH genes, if any, might be contributing to 





Figure 4.1. Comparison of previous bHLH phylogeny studies. Colors indicate groups as first 
suggested by Atchley and Fitch; classes according to the system from Massari and Murre are 
indicated next to lineages. In B, blue box with green outline represents a clade with mixed group 
A and group D members as according to Atchley and Fitch (1997). Adapted from Atchley & 





Figure 4.2. Phylogeny of C. elegans bHLH proteins. Classes according to Massari and Murre 
are indicated to the right of each lineages. Colored boxes indicate bHLH code proteins. Adapted 






Figure 4.3. Introduction to nematode phylogeny and gonad development. Phylogeny not to 
scale. Nematode clades are indicated to the left. Species with bold and * indicate gonad-
independent induction of VPC fate. Gonad development shown at primordium and L4 stages; 
white boxes indicate forming germline, and pink arrow in M. belari indicates direction of AC 
movement. Dashed lines indicate position of central AC, as in C. elegans. Adapted from Félix & 
Sternberg, 1997; Haag, Fitch, & Delattre, 2018; Haag, Helder, Mooijman, Yin, & Hu, 2018; 





Figure 4.4. Ectopic expression of HLH-12 in the AC does not change its fate but compromises 
its function.  
 
A. Expression pattern of hlh-2prox. Lineages expressing hlh-2prox are shown in bold; the lineages 
that give rise to the AC are shown in purple.  
 
B. +HLH-12 ACs express the AC marker cdh-3p::gfp, and not the hDTC marker ceh-22bp::venus. 
n = 20-28 for each genotype.  
 
C. +HLH-12 ACs have fewer invadopodia from the apical membrane and more from the 
basolateral membrane. n = 28-35 for each genotype. Fluorescent markers shown in 
photomicrographs is zmp-1p::mcherry::moesinABD; images are orthogonal projections. Arrows 
indicate invadopidia; line indicates lack of invadopodia on the indicated membrane. *** p<0.001, 
Kolmogorov-Smirnov. D. GFP::FOS-1 expression is downregulated in +HLH-12 ACs. White 




Figure 4.5. +HLH-12 ACs are displaced in an hDTC/LC migration factor-dependent 
manner.  
 
A. Quantification of AC displacement; for more details, see Materials and Methods. AC in 
representative photomicrographs is marked with cdh-3p::gfp, and P6.pxx with lag-2p::tagrfp. n = 
18 for WT and 27 for +HLH-12. ***p<0.001, Kolmogorov-Smirnov.  
 
B. INA-1::GFP is expressed in the basement membrane, and on the cell membrane of the WT 
hDTC and LC (not shown). In L2, it is not expressed in the proximal gonad(top), but is expressed 
ectopically in the +HLH-12 AC (bottom, yellow arrow). n refers to animals with INA-1::GFP 
expression in the proximal gonad.  
 
C. Knocking down factors required for hDTC and LC migration prevents AC displacement. n = 
20-52 for each genotype andcondition. **p<0.01, ***p<0.001; Kolmogorov Smirnov. For 
information on quantification and statistics, see Materials and Methods and Figure S2B; for 
controls for displayed experiment and second RNAi trial, see Figure S2C-D. 
 







Figure 4.6. A model for +HLH-12 AC identity and function. In the WT AC (left), HLH-2 
homodimers promote AC fate and functions like induction and invasion. In the +HLH-12 AC, 
addition of HLH-12 results in less HLH-2 available for homodimers and causes impairment in 
induction and invasion; meanwhile, HLH-12 heterodimers promote migration. Arrow size implies 




Figure 4.7. Species used for phylogenetic analysis. Phylogenies of species included in overall 
(A) and Caenorhabditis-only (B) analyses. Evolutionary distances are not to scale. Dashed lines
in B indicates that species are not sisters of the above taxa. In B, species in bold and with * are
those included in the Caenorhabditis + Diploscapter analysis; supergroup designations are
shown to the right. A: adapted from Karin Kiontke and David Fitch, pers. comm.; B: adapted

















































Figure 4.8. bHLH code clades predicted using 10 nematode species. See Figure S4.3 for larger 
full tree. 
 
A. Colored segments indicate clades containing bHLH code gene orthologs.  
 




Figure 4.9. Predicted orthologs of HLH-12 in all Caenorhabditis species plus Diploscapter 
coronatus. For full phylogenies, see Figures S4.4 and S4.5. 
 
A. bHLH ortholog clades for HLH-2 (top) and HLH-12 (bottom). All posterior probabilities are 
>0.9; branch lengths are in substitutions/site.  
 
B. Phylogeny of Caenorhabditis and Diploscapter species, with those containing predicted CE-
HLH-12 orthologs marked in red. Dashed lines indicate that species are not sisters of the above 
taxa. Phylogeny is not to scale. * indicates species analysed in smaller Caenorhabditis + 





Figure 4.10. Phylogenetic analysis of all C. elegans bHLH genes. Only the bHLH domain was 
used for this analysis. Classes are indicated on right; * indicates orphan/unknown (see Table 4.3; 
Grove et al., 2009; Ledent and Vervoort, 2002). bHLH code genes are marked with colored boxes. 





Figure 4.11. Synteny of hlh-12 loci in C. elegans, C. briggsae, and C. japonica. Shown are the 
10 most proximal genes to each hlh-12 ortholog, including in C. elegans spp-10 for a total of 11. 
Figure not to scale; approximate size of each locus shown on right. hlh-12 is shown in red. In C. 
briggsae and C. japonica, black arrows indicate that gene is an ortholog of proximal gene in C. 
elegans, and C. elegans name is displayed. Grey arrows indicate that ortholog is not present at the 






Table 4.2. List of RNAi clones. All clones are from the Ahringer library (Kamath et al., 2003) 







Table 4.3. List of annotated transcripts included in phylogenetic trees. Grey boxes indicate 
that no annotated ortholog exists.Gene families were assigned by consensus from Vervoort and 
Ledent 2002, Grove et al. 2009, and Wormbase version WS275; if there was no consensus, genes 
were marked as orphan. *P. pacificus has a single annotated hlh-3/hlh-14. ** indicates that genes 










bHLH  Family C. elegans C. briggsae C. japonica C. remanei P. 
pristionchus 




T24B.6.1 CBG03260.1 CJA04859.1 CRE02308.1 PPA40124.1* 
hlh-4 Achaete-
Scute 
T05G5.2.1 CBG.10010.1 CJA10364.1 CRE25267.1 PPA05241.1 
hlh-6 Achaete-
scute 
T15H9.3.1 CBG06671.1 CJA24967a.1 CRE06984.1 PPA38786.1 
hlh-8 Twist C02B8.4.1 CBG16905.1 CJA09725.1 CRE24053.1 PPA31506.1 
hlh-10 Atonal ZK682.4.1 CBG19244.1 CJA14004.1 CRE19710.1  
hlh-12 Orphan C28C12.8.1 CBG18498.1 CJA32678.1 CRE03409.1  
hlh-13 PTF1 F48D6.3.1 CBG14376.1 CJA18896.1 CRE00836.1  
hlh-14 Achaete-
Scute 
C184A3.8.1 CBG02491.1 CJA06159.1 CRE11986.1 PPA40124.1* 
hlh-15 NSCL C43H6.8.1 CBG02112.1 CJA03864.1 CRE07382.1  
hlh-16 Beta3/Misti DY3.3.1 CBG12364.1 CJA11661a.1 CRE29755.1  
hlh-17 Olig** F38C2.2.1 CBG13666.1 CJA47858 CRE15643-
RA 
 
hlh-19 Orphan F57C12.3.1 CBG27394.1    
hlh-31 Olig** F38C2.8.1     
hlh-32 Olig** Y105C5B.29.1     
cnd-1 NeuroD C34210.7.2 CBG21175.1 CJA09215.1 CRE29369.1  
hnd-1 Hand C44C10.8.1 CBG15519.1 CJA21421.1 CRE05962.1 PPA30788.1 
lin-32 Atonal T14F9.5.1 CBG14057.1 CJA03891a.1 CRE00941.1 PPA08416.1 
ngn-1 Neurogenin Y69A2AR.29.1 CBG13881.1 CJA04915a.1 CRE20072.1  







Table 4.4. List of genome assemblies used in BLAST searches. Source abbreviations: 
WormBase ParaSite, PS; Caenorhabditis Genomes Project, CGP; European Nucleotide Archive, 
ENA.  
 
Species Strain Genome assembly BLAST type Source  
A. suum Not given PRJNA80881 BLAST+ PS 
C. afra JU1199 PRJEB11394 Online CGP 
C. angaria PS1010 PJRNA51225 BLAST+ CGP 
C. bovis Not given PJREB34497 Online CGP/ENA 
C. brenneri PB2801 C brenneri-6.0.1b Online CGP 
C. castelli JU1956 PJREB11356 Online CGP 
C. doughertyi JU1771 PJREB11002 Online CGP 
C. kamaaina QG2077 QG2077 v1 Online CGP 
C. latens PX534 PRJNA248912 BLAST+ CGP 
C. monodelphis JU1667 PRJEB7905 Online CGP 
C. nouraguensis JU2079 PRJEB10884 Online CGP 
C. plicata SB355 PRJEB11388 Online CGP 
C. sinica JU1286 PRJEB11394 Online CGP 
C. tropicalis JU1373 PRJNA53597 BLAST+ CGP 
C. virilis JU1968 PRJEB11359 Online CGP 
C. sp 21 NIC534 PRJEB12595 Online CGP 
C. sp 26 JU2190 PRJEB12596 Online CGP 
C. sp 28 QG2080 QG2080 v1 Online CGP 
C. sp 29 QG2083 QG2083 v1 Online CGP 
C. sp 31 JU2585 PRJEB12600 Online CGP 
C. sp 32 JU2788 PRJEB12601 Online CGP 
C. sp 34 NK74SC NK74SC v710 Online CGP 
C. sp 38 JU2809 JU2809 v1 Online CGP 
C. sp 39 NIC564 NIC564 v1 Online CGP 
C. sp 40 JU2818 PRJEB7857 Online CGP 
H. bacteriophora M31e PRJNA13977 BLAST+ PS 
M. belari JU2817 JU2817 v2 Online CGP 
O. tipulae CEW1 PRJEB15512 BLAST+ CGP 
P. redivivus PS2298 PRJNA186477 BLAST+ PS 





Table 4.5. BLAST search of hlh-12 ortholog flanking regions. Identified hits are in bold. 
Source C. elegans C. briggsae C. japonica C. castelli C. bovis C. parvicauda C. monodelphis Notes 
C.elegans N 
only hit hlh-
12 no hits no hits no hits no hits no hits no hits 
42bp 
fragment 






12 no hits no hits no hits no hits  
C. briggsae 
N set-13 sra-13 no hits no hits no hits no hits no hits  
C. briggsae 




12  no hits no hits no hits 
only hit 









C. castelli N no hits no hits no hits 
only hit hlh-
12 no hits no hits no hits 
52bp 
fragment 




Table 4.6. Genomic loci of predicted spp-10 and hlh-12 orthologs. Size: top, kilobases(5’ of 
referenced gene|3’ of referenced gene); bottom, predicted coding sequences(5’|3’). For list of 
proximal genes, see Figure 11. * Scaffold contains only one gene. 
 
 
spp-10 ortholog locus hlh-12 ortholog locus 





Scaffold Size proximal 
genes 
present 







N 198 161(93|67) 
43(21|21) 
N 




















C. virilis 2305 11(0|9) 
3(0|2) 
N N 10 150(99|50) 
27(19|7) 
N 
C. plicata 517 150(117|25) 
20(17|2) 








Figure S4.1. +HLH-12 AC phenotypes and vertical migration.  
 
A. AC phenotypes seen in +HLH-12 ACs. “abnormal:” delayed invaginations, or invaginations 
with non-WT morphology. n = 20-23 for each genotype.  
 





Figure S4.2. Further RNAi studies and scoring +HLH-12 AC displacement.  
 
A. RNAi against gon-1 causes overall gonad disruption that affects AC location in both WT and 
+HLH-12 animals. Note that horizontal displacement is quantified without regard to directionality. 
n = 20-25 for each genotype. Horizontal displacement: see Materials and Methods and Figure S2B 
for statistics used, ***p<0.001 compared to WT+lacZ(RNAi). Vertical displacement: 
Kolmogorov-Smirnov, **p<0.01, ***p<0.001 compared to WT+lacZ(RNAi).  
 
B. Schematic of bins used to determine statistical significance of AC displacement. Animals were 
placed in bins according to the location of the center of the AC nucleus with respect to the P6.pxx 




C. WT controls of RNAi trial shown in Figure 2E. See Materials and Methods and Figure S2B for 
statistical details. n = 20-40, n.s. compared to WT+lacZ(RNAi).  
 
D. Second trial of RNAi against migration factors. See Materials and Methods and Figure S1C for 
statistical details. WT genotypes (left): n = 23-28, n.s. compared to WT+lacZ(RNAi). +HLH-12 
genotypes (right): n = 27-34, **p<0.01, ***p<0.001; when bar not shown, comparison is to +HLH-
12+lacZ(RNAi). 
 
Figure S4.3. Phylogenetic tree of Class I and Class II bHLH proteins in 10 species. See 
attached file. The whole protein sequence was used for this analysis. bHLH code clades are 
highlighted: HLH-2, yellow; HLH-3/HLH-14, green; HLH-8, blue; HLH-12, red; LIN-32, purple. 
Numbers indicate posterior probabilities. Branch lengths are in substitutions/site. 
 
 
Figure S4.4. Phylogenetic tree of Class I and Class II bHLH proteins in Caenorhabditis 
species. See attached file. bHLH code clades are highlighted: HLH-2, yellow; HLH-3/HLH-14, 
green; HLH-8, blue; HLH-12, red; LIN-32, purple. Numbers indicate posterior probabilities. 
Branch lengths are in substitutions/site. 
 
 
Figure S4.5. Phylogenetic tree of Class I and Class II bHLH genes, and hlh-1, hlh-11, and 
hif-1, in a representative subset of Caenorhabditis species plus Diploscapter coronatus. See 
attached file. bHLH code clades are highlighted: HLH-2, yellow; HLH-3, green; HLH-8, blue; 
HLH-12, red; LIN-32, purple. Numbers indicate posterior probabilities. For species used, see 
Figure 7B. Branch lengths are in substitutions/site. 
 
 
Table S4.1. Results of bHLH BLAST search in all nematode species. See attached file. 
 
 




Chapter 5: General Discussion 
 
1. New insights into hDTC specification 
1.1 lin-32, hlh-2, and hlh-12 function at different steps in the lineage to promote hDTC fate and 
function 
 Based on the initial fosmid reporters discussed in Chapter 2, we found that LIN-32 was 
expressed starting in the specifying hDTC, and that it was expressed only in the hDTCs in the 
female somatic gonad (Figure 2.1, Figure S2.1). However, Sarah Finkelstein and I both saw 
expression of both N- and C-terminally-tagged endogenous lines starting in the hDTC parent stage; 
expression continued in both the hDTC and transiently and more dimly in the hDTC sister after 
the cell divided (Figure 3.4). hlh-12 endogenous and fosmid expression both suggest that 
GFP::HLH-12 expression begins in the hDTC just after specification and continues until the cells 
stop migrating in L4, supporting hlh-12’s known role in promoting hDTC migration (Figure 3.4, 
Figure S2.1, Tamai & Nishiwaki, 2007). 
 This expression of LIN-32 further up the hDTC lineage is interesting, as it fits with lin-
32’s known mechanisms of promoting fates in lineages such as the ray neurons (see Figure 1.6; 
Portman & Emmons, 2000). lin-32’s expression pattern in the hDTC lineage is also reflective of 
ceh-22b/Nkx2.5/Tinman expression. In wild-type animals, ceh-22b is activated by the Wnt 
pathway; ceh-22(lf) animals specify 0 hDTCs, and overexpression under a heat-shock promoter 
converts the presumed hDTC sisters into migrating hDTCs (Lam et al., 2006). Based on the 
presence of ceh-22 binding motifs in the lin-32 5’ regulatory region and fosmid expression 
suggesting that lin-32 was expressed in the hDTCs only and not their parents or sisters, Maria 
Sallee proposed that ceh-22b regulates lin-32 expression in the hDTCs (M. Sallee, 2015). Our new 
understanding of lin-32’s expression in the hDTC lineage strengthens this interpretation, and 
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further suggests that 1) ceh-22b could be regulating lin-32’s expression in the parent cell as well, 
and 2) loss of ceh-22b in the hDTC sister could explain why lin-32 turns off in that cell shortly 
after its birth (see Figure 3.4).  
 Finally, while hlh-12 is mostly thought of as a factor that promotes migration, our results 
suggest that hlh-12 is at least partially necessary for hDTC fate as well. In the absence of both hlh-
12 and lin-32, the hDTCs failed to specify around 40% of the time, as indicated by a lack of both 
lag-2p::rfp and hlh-2(fosmid)::gfp expression (see Figure 2.2). The other half of the cells express 
both markers, however, suggesting that HLH-2 is forming homodimers that can promote hDTC 
fate; however, these lag-2::rfp + hlh-2(fosmid)::gfp cells do not migrate, suggesting that HLH-
2:HLH-2 homodimers are insufficient for the migration function. In addition, we see germline 
proliferation even in animals lacking lag-2p::rfp and hlh-2(fosmid)::gfp expression in both 
erstwhile hDTCs (see Figure 2.2), suggesting that another pathway, such as Wnt acting through 
ceh-22b/Nkx2.5/Tinman, may be functionally redundant for the niche function (Lam et al., 2006).  
 In Chapter 2, we suggested a model in which the bHLH genes integrate positional, sex, 
lineage, and timing information to specify the proper cell fate (see Figure 2.4C). Based on our 
further understanding of lin-32 expression in the hDTC lineage, I have refined this model to 
suggest that lin-32 and hlh-12 play distinct roles in hDTC specification, likely along with HLH-2 
homodimers in each case (Figure 5.1). In this new model, positional information from the Wnt 
pathway is transmitted through ceh-22b expression in the hDTC parent, which turns on lin-32. 
After the cell divides, LIN-32:HLH-2 heterodimers and HLH-2 homodimers promote hlh-2 
expression, lag-2 expression, and HLH-12 expression in the hDTC only, which results in a fully 
specified cell. Notably, this model explains why overexpression of HLH-2 from a ubiquitous heat-
shock promoter can cause ectopic hDTCs to specify from their sisters (Karp & Greenwald, 2004):  
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as the sisters are born with LIN-32 inherited from their parent, the presence of HLH-2 allows for 
functional LIN-32 heterodimers and HLH-2 homodimers that promote full specification of hDTC 
fate.  
 
1.2 Remaining questions about hDTC specification 
 While this model explains how the bHLH code genes can function together to promote 
hDTC specification, it leaves many questions unanswered. First, the model suggests that ceh-22b 
turns on lin-32 expression, and that HLH-2 homodimers and possibly LIN-32:HLH-2 heterodimers 
turn on hlh-12 expression, but we do not know what causes hlh-2 expression. Preliminary data 
suggest that HLH-2 expression begins in the hDTC and is not present in the parent or its sister 
(Michelle Attner, personal communication); thus, HLH-2 expression appears to add single-cell 
resolution to a broader swathe of LIN-32 expression to cause precise cell fate specification. This 
is the opposite of the usual paradigm, in which Class I proteins are expressed broadly and tighter 
Class II expression determines which cell fates specify (Massari & Murre, 2000); HLH-2 has more 
restricted expression than Class I proteins in other organisms (Krause et al., 1997a), raising the 
question of whether the Class I and Class II roles have swapped in other cell fate specification 
events in C. elegans. In addition, this hypothesis that HLH-2 expression determines which cell 
becomes the hDTC makes the question of what turns on hlh-2 even more important. hlh-2’s 
restriction to the distal daughter implicates Wnt signaling, as does the overexpression experiment 
mentioned above (Lam et al., 2006): overexpression of CEH-22B in the sister cell might be enough 
to induce hlh-2 expression there, which could allow for the formation of HLH-2 homodimers and 
HLH-2:LIN-32 heterodimers and promote hDTC cell fate. However, it might be difficult to tease 
apart any role that Wnt signaling plays in hlh-2’s expression from ceh-22b’s role in promoting lin-
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32 expression. An option would be to search for CEH-22 consensus sites in the hlh-2 promoter 
and then mutate them on a reporter transgene to assess expression in the hDTCs. 
Another aspect of hDTC specification that this new model makes clear is the functional 
redundancy of HLH-2 homodimers and LIN-32 heterodimers. For example, lin-32(0) animals have 
a wild-type phenotype, suggesting that hlh-12 has been turned on by HLH-2 homodimers; 
however, hlh-12(0); lin-32(0) hDTCs fail to specify around half the time, suggesting that in these 
cells the HLH-2 homodimers were insufficient for HLH-12 expression (Figure 2.2). The hlh-12 5’ 
regulatory region contains both LIN-32-specific E boxes and those that can be bound by either 
LIN-32 heterodimers or HLH-2 homodimers, further supporting functional redundancy in this 
instance. In addition, the lack of hlh-2 expression in some lin-32(0); hlh-12(0) hDTCs could be 
interpreted as evidence of an autoregulatory loop amongst the hDTC bHLH genes. Again, the fact 
that hlh-2(fosmid)::gfp is expressed in half of the lin-32(0); hlh-12(0) cells suggests that HLH-2 
homodimer is sufficient for this autoregulation, but only around half the time. The ideal experiment 
to separate the two roles of heterodimer and homodimer would be to engineer an HLH-2 that can 
homodimerize but not heterodimerize; a proposed cysteine mutant exists that disrupts 
homodimerization, but it has yet to work in our hands (Maria Sallee, personal communication). 
The next-best thing would be to investigate E boxes on something like lag-2, which is a known 
HLH-2 homodimer target in the AC (Karp & Greenwald, 2003). Since LIN-32 heterodimers can 
bind to the reverse complement of HLH-2 homodimer E boxes, preventing mutational analysis 
(Grove et al., 2009), I could instead mutate the other LIN-32 heterodimer-specific E boxes and see 
if this affects lag-2 expression in the hDTCs.  
 Finally, my pro-AC transformation results show that addition of HLH-12 and LIN-32 
together to the pro-ACs results in ceh-22b expression with ~50% penetrance. Since I expect that 
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ceh-22b is functioning upstream of the bHLH code, more specifically lin-32, this means that there 
must be some sort of feedback mechanism from the bHLH genes onto their upstream factors; as 
both LIN-32 and HLH-12 expression are required for ceh-22b to turn on in the reprogrammed pro-
ACs (see Figure 4.4; LIN-32 data not shown), it suggests that the feedback mechanism doesn’t 
emanate from a single bHLH gene per se, but rather from a specified hDTC: either a downstream 
target of the bHLH genes, or a combination of LIN-32, HLH-12, and possibly HLH-2 dimers. 
Such feedback mechanisms may be necessary for cell fate or function maintenance in their 
endogenous setting. 
 
2. Exploring the transience of pro-ACDTC reprogramming 
As discussed in Chapters 2 and 3, I am able to achieve both marker and morphological 
changes reminiscent of either mDTCs or hDTCs when I express their full bHLH code in the pro-
ACs (Figure 2.4B, Figure 3.2). However, I see that this change in cell fate is transient, and in 
particular the morphological changes are lost by the L4 stage (Figure 3.2A,B). This suggests that 
while the cells initially change fate, there is some block to their achieving full and permanent 
reprogramming. 
 There are a few reasons why these changes in cell fate might be transient. Our first 
assumption was that the hlh-2prox promoter element, which expresses in the wild-type 
hermaphrodite proximal gonad only, was turned off as the cells became either mDTCs or hDTCs. 
However, I see constant expression of the fluorescent proteins from my ectopic expression 
constructs; while they do include the sl2 splicing acceptor sequence, which may have some basal 
promoter activity (Justin Shaffer, personal communication), this suggests that hlh-2prox is unable 
to sense its changing cellular environment and thus that the cells are producing constant bHLH 
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protein even after transformation. Instead, I propose two alternative explanations for the loss of 
acquired cell fate over time in the pro-ACDTC paradigms (Figure 5.2). The first is that using 
hlh-2prox results in bHLH proteins expressed at levels lower than in their endogenous contexts, 
meaning that hlh-2prox simply doesn’t provide enough dimers of the appropriate types to achieve 
permanent reprogramming. The second is that there is a change in chromatin state in the AC 
beginning in L3, which might affect any reprogramming achieved before that point. 
 In the first hypothesis, high initial amounts of bHLH protein achieve a successful cell fate 
change; over time, as hlh-2prox expression lowers (M. D. Sallee & Greenwald, 2015), less bHLH 
protein is produced to maintain the transformation, and more HLH-2 is freed as a result to form 
HLH-2:HLH-2 homodimer and promote AC fate and functions. There are a few reasons for 
believing that hlh-2prox might express insufficient amounts of bHLH protein for a full cell fate 
conversion (Figure 5.2A). The first is that several of our endogenously-tagged bHLH alleles 
express very brightly in the wild-type regulatory cells, especially hlh-12 in both the hDTCs and 
LC, and in contrast hlh-2prox is a relatively weak promoter (Maria Sallee, personal 
communication).The second is that I drove hlh-2prox::hlh-12 from a single-copy integrated 
transgene, but hlh-2prox::hlh-8 from a multi-copy array, and found a much higher initial 
penetrance of reprogramming in the pro-ACmDTC context despite using the same hlh-
2prox::lin-32 transgene in both. Almost 100% of animals with the mDTC code expressed the 
mDTC marker, while only ~50% of animals with the hDTC code expressed the hDTC marker 
(Figure 2.4B, Figure 3.2A). In addition, I find that both HLH-8 and HLH-12 are stable in up to 
four cells in the proximal gonad, but I see transformation of four cells at a much higher penetrance 
in the pro-ACmDTC context than in the pro-AChDTC context; as hlh-2prox expression is 
higher in the α cells than the β cells, the most likely explanation is that the higher levels of HLH-
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8 overall are able to transform all four cells, while the lower levels of HLH-12 result in 
transformation of only the α cells in most cases. 
Because of these findings, I initially tried to boost bHLH protein levels in the pro-ACs by 
using a system where Cre expression causes tissue-specific expression of proteins from a strong 
ubiquitous promoter (Justin Shaffer, personal communication); however, preliminary experiments 
suggested that the hlh-2prox::cre needed for this experiment was insufficient to enable strong 
bHLH protein expression in the pro-ACs. Another way to test this hypothesis would be to express 
hlh-2prox::hlh-8 from a single-copy transgene integrated into the same LG1 site as the hlh-
2prox::hlh-12 (Pani and Goldstein, 2018). If the single-copy prox::hlh-8 causes a lower penetrance 
of pro-ACmDTC transformation in L2, it would support the hypothesis that bHLH protein levels 
are important in these transformations, and that adding even higher levels of bHLH protein might 
result in more permanent reprogramming. If the transformation penetrance remains higher than 
that seen with the pro-AChDTC context even with HLH-8 expression from a single-copy 
transgene, it would suggest that the pro-ACmDTC transformation is easier to achieve. Notably, 
expression from our endogenously-tagged alleles suggest that both HLH-8 and LIN-32 are 
expressed only transiently in the mDTCs around the time of their specification, while HLH-12 is 
expressed in the hDTCs and LC throughout larval development (Figure 3.4; Sarah Finkelstein, 
personal communication); thus, it may be that mDTCs require less bHLH protein overall for their 
specification, suggesting that they may retain higher penetrance of transformation even when 
effected only by single-copy transgenes. 
 Another hypothesis for the transience of the pro-ACDTC transformations is that a 
potential change in the wild-type AC chromatin state during L3 may block targets needed to 
maintain the cell fate change. During L2, the AC is specifying and then signaling to induce VPC 
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fate; during L3, the AC instead invades through the basement membrane (Sternberg, 2005). This 
change in AC function may be accompanied by a change in chromatin state, as the histone 
deacetylase hda-1 is necessary for invasion (Matus et al., 2015). It is possible that the addition of 
bHLH genes to the pro-ACs results in transformation during L2, but that the chromatin state still 
changes during L3 and impedes access to the genes necessary for permanent reprogramming 
(Figure 5.2B). The easiest way to test this hypothesis would be to perform RNAi against hda-1 in 
the pro-ACmDTC or pro-AChDTC backgrounds and look for evidence of sustained 
reprogramming, such as DTC-like morphology retained in the late L3 stage. If hda-1 RNAi 
treatment does sustain transformation, a full RNAi screen of chromatin modifiers might suggest if 
there is a larger-scale chromatin remodeling process happening in the L3 AC. Finally, if there is a 
change in chromatin state that occurs even in these reprogrammed cells, it suggests that the 
addition of bHLH genes alone is not sufficient to override all functions of the AC, and raises the 
possibility of parallel pathways controlling events in L3. 
  
3. LC fate may be established by hlh-3 and maintained by lin-32 
3.1 hlh-3 may act up the lineage to promote LC fate 
As mentioned above, analysis of endogenously-tagged bHLH gene expression revealed 
that lin-32 is expressed earlier in the hDTC lineage than its fosmid expression suggested. Another 
striking difference between the fosmid and CRISPR expression patterns is that I find HLH-3 
expressed as early as the grandparent cells in both lineages with potential to become the LC (Figure 
3.4). This recalls HLH-2’s expression pattern in the AC lineage, and further supports the idea that 
hlh-3 is the Class II bHLH most responsible for LC fate in the developing somatic primordium 
(see Figure 2.4A, Figure 3.4).  
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 As HLH-3 requires HLH-2 to be functional, the next step is to find out if HLH-2 is also 
expressed in the LC parents or grandparents by looking at the CRISPR expression in the forming 
male somatic primordium. If HLH-2 is expressed, assuming that the HLH-2 is functional, this 
would suggest that HLH-2:HLH-3 dimers or a combination of hetero- and homodimers might 
function in specifying LC competence in the parent or grandparent cells, as HLH-2 homodimers 
do in the AC (Karp & Greenwald, 2004). Alternatively, if HLH-2 is not expressed in the LC 
lineage, that might suggest that the HLH-3 serves as a pool for faster LC specification once HLH-
2 is present, as LIN-32 might do in hDTC specification. 
 
3.2 lin-32 may play a later role in LC fate maintenance or function 
 We found that a lin-32 fosmid reporter expressed in the LC; however, our two 
endogenously-tagged lines did not show visible expression (Figure 3.4, Figure S3.2). This raised 
the important question of whether or not LIN-32 is required in the LC for its proper specification, 
as would be predicted from the bHLH code hypothesis. I found that lin-32 is indeed required for 
LC specification, as hlh-3(0); lin-32(0) animals express the AC marker cdh-3p::gfp in their male 
proximal gonad cells (Figure 3.5). The enhancement of this phenotype by hlh-12 RNAi suggests 
that the cells do retain some HLH-12 expression, though likely at low levels given the absence of 
hlh-12 fosmid expression in hlh-3(0) “LCs” (Chapter 2). When I remove HLH-12 expression 
completely, this might have the effect of freeing up more HLH-2 protein to act as homodimers and 
promote aspects of AC fate, explaining the higher penetrance of AC marker expression in these 
animals. 
 I initially interpreted this genetic data as suggesting that LIN-32 is expressed in the future 
LC at the time of the forming somatic primordium, as loss of LIN-32 reprograms the fate that 
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would otherwise specify at this time, and as I have found that LIN-32 and HLH-8 when expressed 
at the primordium stage are capable of pro-ACmDTC transformation, at least initially (Figure 
2.4). However, the fosmid data show that LIN-32::GFP is expressed in the LC with low penetrance 
in L2 and high penetrance in L3, both after the LC is specified (Figures S2.1, S3.2B). As discussed 
earlier, differences in the transgene structures might cause different levels or expression patterns 
over time of LIN-32::GFP, and in particular the fosmid might not reflect true LIN-32 expression.  
Another explanation for the timing of the fosmid expression, however, is that LIN-32 is 
not required for LC fate at the time of the somatic primordium, but instead is required for 
reinforcing some aspect of LC fate or function in L3, beyond the timeframe of our analysis. This 
later function of LIN-32 would also explain the timing of AC marker expression in the bHLH(-) 
LC experiments: I see the AC marker coming on in the male proximal gonad cells only in mid to 
late L3, a full larval stage later than its cognate expression in the AC (Figure 3.6A). In this 
situation, the cell would first become primed to be an AC by the absence of HLH-3 at the 
primordium stage, which enables AC potential (Figure 2.4); later in L3, the lack of LIN-32 would 
cause a full conversion to an AC (Figure 3.5, Figure 5.3). This interpretation is strengthened by 
the fact that I do not see any difference in phenotypes between the LCs of hlh-2(bx108) and hlh-
2(bx108); lin-32(0) animals (Figure 3.6B). hlh-2(bx108) carries a mutation that interferes with 
dimerization; if LIN-32 did play some role in specification at the primordium stage, I would expect 
to see failure in specification resulting from the lessened amounts of functional dimers. Instead, 
the fact that these hlh-2(bx108); lin-32(0) LCs resemble hlh-2(bx108) LCs at least through the late 
L3 stage supports the hypothesis that LIN-32 is required at a later timepoint for some function of 




 This interpretation depends on the assumption that LIN-32 is acting in a cell-autonomous 
manner to promote LC fate; to confirm if this is the case, I would need to knock down LIN-32 in 
a more cell-specific manner. One method of cell-specific knockdown is to use the auxin-inducible 
degron system, which combines a degron tag with a cell-specific TIR1 for very precise knockdown 
(Zhang et al., 2015). This system is particularly attractive because the knockdown occurs only 
after the worms are plated on auxin, allowing for temporal control. I could combine a CRISPR-
engineered LIN-32-degron allele with TIR1 driven by nhr-67(2kb)p, which I have found expresses 
in several cells in the male proximal gonad before LC specification and in the LC thereafter, or by 
hlh-12(1080)p for expression in the LC from just after specification through L4 (Tamai & 
Nishiwaki, 2007; Shai Shaham, personal communication; see Figure S3.1C). By adding auxin 
either at the time of primordium formation or later in L3, I could determine if LIN-32 does act in 
a cell-autonomous manner, and if so when it functions in the LC to further define its fate. 
 
4. Hypotheses for later ACLC transformation 
 While I saw pro-ACDTC transformation beginning in the late L2 stage, and disappearing 
by the late L3 stage (Figures 2.4B, 2A,B), I saw the opposite trend when I added the LC bHLH 
code to the pro-ACs: only a single cell was transformed, and it did not achieve LC-like morphology 
until late L3 (Figure 3.3). This suggests both that the “pro-AC”LC transformation is instead an 
ACLC transformation, and that bHLH proteins function differently in effecting this ACLC 
transformation than in the pro-ACDTC transformations. While the issue of bHLH protein levels 
may still be relevant in this context, as I only see morphology changes in ~50% of animals, the 
fact that the transformation does appear to be occurring in L3 suggests that potential changes in 
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AC chromatin states happening at this time are not as important for this context. Here, I discuss 
several hypotheses for the delay in ACLC transformation. 
 
4.1 Hypothesis 1: occurrence of a LC/VD decision (Figure 5.4A) 
  The ACLC reprogramming context is the only one in which the pro-ACs are being 
reprogrammed into a proximal-fate cell type. It is possible that there is some inbuilt mechanism 
preventing against improper specification of another proximal cell type, and that the bHLH 
proteins take longer to specify the LC as a result. Another clear difference between the LC and the 
DTCs is that the LC, like the AC, is specified as the result of LIN-12/Notch signaling between two 
cells; it is possible that the pro-ACs are reprogrammed into pro-LCs that then undergo an LC/VD 
decision. One way to test this would be to see if a VD-specific marker is expressed in the proximal 
female gonad in these animals, such as egl-5. As egl-5 is expressed in most of the male gonad 
besides the LC and mDTCs (Kalis, Murphy, & Zarkower, 2010), its expression in an otherwise 
female somatic gonad would suggest that addition of the LC bHLH code to the pro-ACs resulted 
in an LC/VD decision in the hermaphrodite. 
 
4.2 Hypothesis 2: timing of bHLH factors in WT specification might cause ACLC delay (Figure 
5.4B)  
Another possibility for the delay in this transformation context is that bHLH factors act 
differently in specifying the WT LC. In particular, there is more evidence for activity further up 
the lineage. As mentioned earlier, hlh-3 expression is first seen as early as the grandparents of the 
lineages with LC potential; hlh-12 expression is seen just after the LC is specified, consistent with 
its role in promoting LC migration (see Figure 3.4, Tamai & Nishiwaki, 2007). At the moment, 
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we do not know if HLH-3 is functional in the LC parents or grandparents in part because we have 
no data on HLH-2 expression in those lineages. However, if HLH-3 is functional in the LC parents 
or grandparents, it might act as a pioneer factor and promote chromatin changes necessary for 
specification into an LC; if expressed only beginning in the eventual LC, it might take longer to 
effect these necessary changes and thus properly specify an LC. Examining HLH-2 expression in 
the pro-LC lineages would be the first step to determining if this hypothesis is correct. 
Interestingly, removal of HLH-3 alone is sufficient to cause AC competence in the erstwhile LC 
(Figure 2.4A), but I saw no changes in AC fate or function in the +HLH-3 animals (Figure S3.1A, 
B).  If HLH-3 is indeed acting beginning in the parents or grandparents, it might require a cell 
division to specify an LC, meaning that removal of HLH-3 beginning in the grandparents is 
sufficient to convert the cells to pro-ACs, but that addition of HLH-3 to the pro-ACs is insufficient 
on its own to promote LC fate. 
In addition to proper timing of HLH-3 for LC fate specification, the timing of LIN-32 
expression might also result in a delayed reprogramming event in the pro-ACLC context. 
Importantly, while I do not see LIN-32 expression in the LC with the CRISPR lines, my genetic 
data does support a model in which hlh-3 acts first to specify LC fate in late L1, and then lin-32 
reinforces LC fate or function beginning in L3 (see Figures 5.3 and 5.4B). Because of this, pro-
ACLC transformation might happen in two stages, with hlh-3 acting directly after hlh-2prox 
expression begins and lin-32 acting later. As I see lin-32 fosmid expression in the LC in L3, 
approximately two larval stages after the LC specifies in late L1, it might function in L4 in the 
pro-ACLC context to promote full conversion to an LC fate. If the auxin experiments described 
above confirmed that LIN-32 is required cell autonomously in L3 for proper LC fate, it would lend 
170 
 
credence to this hypothesis; doing similar auxin experiments in this context would further 
strengthen the idea that full LC conversion happens after LIN-32 activity in later larval stages. 
 
4.3 Hypothesis 3: HLH-3 or other bHLH code proteins may remain inactivated until after full AC 
specification (Figure 5.4C) 
 So far in this thesis, I have discussed Class II bHLH protein activity as depending solely 
on the presence of HLH-2. However, there is evidence that HLH-2 and Class II bHLH genes can 
be post-translationally modified to remain inactive even if their expression is stable. In particular, 
phosphorylation of a conserved serine residue in the second helix of the helix-loop-helix domain 
is predicted to interfere with DNA binding, thus inactivating even stably expressed protein (Quan 
et al., 2016). All of the bHLH code genes, including HLH-2, have a serine or threonine at this 
position, suggesting that all of them are capable of being inactivated in this way (M. Sallee, 2015). 
 At the moment, we have no indication of whether or not any of the bHLH code genes in 
any of the regulatory cells are targeted for inactivation in this manner. However, one hypothesis is 
this phosphorylation could be part of the AC/VU decision and help to downregulate HLH-2 
activity in the specifying VUs, possibly downstream of LIN-12 signaling. Because the pre-AC also 
has some active LIN-12, this would mean that a portion of its bHLH proteins were also 
phosphorylated and thus inactivated as well. In particular, if HLH-3 protein was inactivated until 
after the AC was fully committed and LIN-12 signaling ceased, this could mean that the 
transformation is delayed simply because it could not start until after the AC specified. This relief 
of inactivation could also combine with one or both of the other hypotheses suggested above, 





 The C. elegans somatic gonad regulatory cells provide an elegant system for studying how 
cells specify their proper fates and functions. Discovery of the bHLH code made this system even 
more exciting for me, as it provided a clear and combinatorial mechanism for the specification and 
special features of each regulatory cell. However, upon further investigation, this code proved both 
more powerful and more complex than we imagined: while I can change regulatory cell fate using 
the code, and in general predict what the regulatory cell fate change will be, potential technical 
and endogenous blocks keep these changes from becoming more permanent. In addition, even in 
C. elegans the bHLH proteins function in different ways to promote the fate and functions of each 
regulatory cell type, and while I find that I can use the code as it works in C. elegans to explain 
the evolution of different gonad morphologies, a closer study of bHLH phylogenies instead raised 
questions about whether or not bHLH proteins are involved at all in the patterning the gonads of 
other species.  
My work advances our understanding of how these initially similar cells adopt fates and 
functions very different from one another, but it leaves a number of questions unanswered. How 
do the bHLH proteins recognize and consolidate information about the cell’s sex, location, lineage, 
and more? Are there parallel pathways in the AC that prevent bHLH-only-induced full and 
permanent reprogramming? Are there further blocks to reprogramming of cells like the hDTCs, 
which must make the fundamentally important germline, or are all regulatory cells equally 
susceptible to transformation? Are other nematode species also using versions of a bHLH code to 
pattern their gonads, or do they use completely different mechanisms? I am hopeful that future 





Figure 5.1. New model for hDTC specification. In the parent cell (top), CEH-22B turns on LIN-
32 expression. After the cell divides, the sister cell (right) downregulates LIN-32 and possibly 
CEH-22B. In the specifying hDTC (left, top), LIN-32:HLH-2 and HLH-2:HLH-2 dimers, among 
other transcription factors, promote expression of HLH-12, LAG-2, and other targets. As the cell 
specifies (left, bottom), HLH-12 regulates its own expression and promotes the leader function, 







Figure 5.2. Alternate hypotheses for blocks to full pro-AC reprogramming. The pro-
AChDTC transformation is shown, but the same can be implied for the pro-ACmDTC 
context. Size of arrows reflects strength of expression.  
 
A: A decrease in hlh-2prox::bHLH expression over time leads to less Class II bHLH protein in 
later stages and more available HLH-2 protein as a result, resulting in downregulation of hDTC-
associated genes and functions and upregulation of AC-associated genes and functions.  
 






Figure 5.3. A potential model for LC specification. In the WT LC (top), HLH-2 and HLH-3 act 
in late L1 to promote “early LC” fate. In L2, HLH-12 promotes the leader function of the LC. In 
L3, LIN-32 promotes some further maintenance of fate or LC function to result in the “late LC,” 
which continues migrating and connects with the cloaca in L4. The hlh-2(bx108); lin-32(0) LC 
(middle) specifies as an early LC due to available HLH-2 and HLH-3 in L1, and has present though 
impaired leader function in L2. In L3, lack of LIN-32 results in failure to specify as a “late LC,” 
and a possible connection defect as a result. * indicates HLH-2 protein has compromised dimer 
ability. In the bHLH(-) LC (bottom), lack of HLH-3 in L1 results as the cell adopting AC potential, 
and lack of HLH-12 in the L2 results in a lack of leader function. Lack of LIN-32 in L3 results in 






Figure 5.4. Alternate hypotheses for the delay in ACLC transformation. The entire bHLH 
complement of the cells are shown at all times; proteins expected to be inactive at any stage are 
surrounded by parentheses.  
 
A. Adding the LC code to the pro-ACs may result in cells first adopting a pre-LC fate and 
undergoing a LIN-12/Notch-mediated fate decision with the neighboring VU (shown in blue) 
before specifying fully as an LC and adopting LC-like morphology (dark green).  
 
B. The LC-fated cell may first differentiate into an “early” LC (pale green, see Figure 3), until 
LIN-32 activity during L3 promotes its differentiation into a “late” LC with the expected 
morphology (dark green, see Figure 3). HLH-3 activity may also take longer than predicted to 
promote LC competence or fate (see section 4.2). 
 
C. HLH-3 and other LC bHLH code proteins may be inactivated at first until the cell fully commits 
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